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PREFACE 


Experimental work with high-frequency phenomena confronts us in 
many branches of natural philosophy. Therefore, familiarity with 
classical as well as modern science is of great advantage for successful 
research work. Consideration of this has been given in the following 
pages. 

Unlike low-frequency measurements, the subject of this book deals 
with methods covering a very wide frequency band. What may be 
geometrically a coil and behave as an inductance in effect for the lower 
frequency range, may act in effect as a capacitance in the upper frequency 
band. Even simple devices, such as a voltmeter, may require a circuit 
and sometimes several circuits. A thorough knowledge of the frequency 
characteristic of the entire system is of importance. Generally speaking, 
it is not always possible to describe methods that are reliable for all kinds 
of experimental work. It is up to the investigator to use his judgment 
and to possess a certain degree of experimental skill. For this reason, 
many physical phenomena in direct application to high-frequency 
apparatus are described, and circuits as well as methods are critically 
discussed in order to show their limitations.' 

With respect to mathematical nomenclature and standard test, 
circuits, whenever possible the rules of the Standardization Committee 
of the Institute of Radio Engineers are followed. Since many branches 
of science are here dealt with, duplication of symbols occurs in some cases. 
However, duplication is never found in any one formula. Thus among 
magnetic measurements jul is the conventional symbol for the magnetic 
permeability, and among tube measurements the same letter is found for 
the conventional amplification factor. Since the letter e is used to denote 
the instantaneous value of a voltage, it could not be employed to express 
the charge of an electron; therefore q is used. 8, a large printed epsilon, 
is used for the electric-field intensity so that it will not be confused with 
the voltage E which corresponds to it. There should bo no confusion 
between e used for the basis of the natural logarithm and the quantity 
8. Since e is used for 2.7183, the letter k is employed for the dielectric 
constant. k 6 is used for the effective dielectric constant, since in some', 
cases, for instance for the ionized layer of the upper atmosphere and the 
earth crust, one often has to deal with a complex value of the effective 
dielectric constant. The symbol k is also used for the coupling factor. 
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PREFACE 


The author has attempted to give references to reliable papers 
published in various countries and to present the subject matter in com¬ 
bination with his personal experience. Most of the references given in 
the footnotes are added to enable the reader to refer to other details. 
For this reason the author of each article referred to is listed in the 
Index, where a brief description of the contents of his article appears. 

This treatise is not a translation of the second edition of the author’s 
book “Hochfrequenzmesstechnik” but may be regarded as an up-to-date 
work on high-frequency phenomena applied to measurements. If, in 
addition to bringing many methods before the reader, the book also 
encourages research work in a most fascinating field of applied science, 
it fulfills its purpose. The author welcomes any corrections or sugges¬ 
tions for improvement. 

The author is much indebted to his wife for her assistance in the prepa¬ 
ration of the manuscript, and to Mr. F. Yeck for the many sketches. 

August Hund. 

West Orange, N. J., 

February, 1933. 
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II KiH-FRKQUENCY 
MEASUREMENTS 


CHAPTER I 

FUNDAMENTAL RELATIONS AND CIRCUIT PROPERTIES 

In *rr«r«t** scientific work, the Mm) is to carry on measurements 
whirls are without error. Ware this *d«mt eannut be attained, the 
ntolhcwl* iwwl, m well mi the values observed, must Ik> studied critically 
in order to determine Ihr most pmlwble value of the quantity which is 
lining measured. In every measurement, all ren di t ions which may 
afftwl the eorreetnewi of the value sought must he considered, This 
requires • thorough knowledge «f the underlying physical principles, and 
in many ease* a careful theoretical analysis. 

IUgh*frcquot*cy rurrenta den! with rapidly varying currents (he 
instantaneous vtlom of which show a definite rotomnw in time. In 
addition, a certain recurrence in apnea also exist* for electromagnetic 
wave* passing t (trough apaec nr along wires, The recurrence is expressed 
m terms of the frequency «f the exciting current. The number of com¬ 
plete periods per second dcnntM the frequency. Thi high-frequency 
band inclndee a frequency range from about Hi Ise/ree to 0(H) Me/aee, 
corresponding to a wave-length range in free apnea of 13 km to 30 cm. 
The wave length refers to the distance through which an claetromagnctic 
wave is propagated tlirough fere spare during one cycle *»f tie exciting 
current. The velocity of propagation hi about «$ X If) 11 em/ece. The 
shove range Includes about all ihe currents useful in preren fe-day High* 
frequency work Imt thaw not include the much shorter wave* studied l*y 
Herts and i^odge, since their energy output is, so far, rather limited. 

Maxwell's t<hreiriwlynamie>Aeld equatJona show that high-frequency 
field* include both electric and magnetic fields, They mnmt be repn 
fillet! and are alwaya in phase f«»r wave* iraveling In empty sjmre 
i i*» tt fore, »t would la* incorrect to say that an antenna receive* only tin* 
electric Arid awl a loop aerial only the magnetic Said, Just as ii would Is* 
Im^rrerl to mf that a parallel-wire connection supplying »h*» high* 
irerjut ney energy to a Dertsian rod radiator Is a current feed, and a single* 
«ue connect ton lict wren the generator and a suitable point on the ntd » 
t-h-up' f«wl It takes voltage and current to deliver energy. 
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HIGH-FREQUENCY MEASUREMENTS 


1. Difference between High- and Low-frequency Measurements.— 
In some respects, measurements at high frequencies do not differ essenti¬ 
ally from those at low frequencies, whilejm other respects new methods 
are necessary. For example, the modified arrangements of the Wheat¬ 
stone bridge can be used at high frequencies in only a few cases, because 
the inductance and capacitance effects of the different branches become 
sufficiently pronounced to make close adjustment extremely difficult 
and at best somewhat indefinite. 

The dynamic constants must be distinguished from the static con¬ 
stants of a circuit. By dynamic constants are meant the effective values 
of capacitance, inductance, resistance, etc., at a high frequency. The 
static constants are measured at a low frequency and where possible with 
direct current. The difference between the dynamic and the static 
values may be due to a nonuniform distribution of electric charges along 
the surface of a conductor or to a nonuniform distribution of current and 
potential throughout the conductor. An ordinary aerial or antenna used 
in radio work is an example. At a high frequency, electrically speaking, 
such an antenna is a very long conductor, though it is practically a point 
for a 60-cycle current. A voltmeter connected at different places between 
the antenna and the ground would indicate quite different values at a 
high frequency, whereas its indication for a 60-cycle current would be 
practically constant along the entire length. 

Radiation is mostly due to reflections of electromagnetic disturbances 
traveling along a wire. The reflections generally occur either at the 
respective ends or at some other place (transformer, etc.). The lines 
of force are, one might say, snapped off at the end of the line, and electro¬ 
magnetic waves detach themselves into space just as electrons, which 
are either accelerated or decelerated, start to radiate energy because a 
portion of the total field is correspondingly accelerated or decelerated. 
The reflections at the ends of a line become a maximum where a stationary 
wave system is developed on the wire. This happens when an antenna 
is tuned since the electromagnetic disturbance traveling toward the open 
end is reflected there and travels back to ground with the same velocity. 
The radiation becomes more pronounced, the higher the frequency of the 
exciting current. For commercial frequencies (for instance, 60 cycles/ 
sec) the longest power fines are about one-tenth of a wave length. It 
can be shown that for a double fine of length l of spacing a, the radiation 
resistance is 


R =. 32tt 2 


K1 



0 ) 


Therefore, when a transmission line is l = 1000 km long and has a spacing 
a = 2 X 10 -3 km, one has for a commercial frequency / = 60 cycles/sec 
and a wave length X — 5000 km, a radiation resistance 
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R = 32tt 2 


I1000T 

H"6.28 X 2 X lO- 3 ] 

5000 

5000 


8 X 10- 11 ohm 


which is a negligibly small value. For instance, if the transmission j- 
would carry even as much as 100-amp alternating current, the ene^ 
would be radiated at the rate of only £ 


'gy 


W = 8 X 10~ 11 X 10 4 = 8 X 10~ 7 watt 

Comparing formula (1) with the formula for a straight antenna of heie-j. 
I excited in the quarter wave-length distribution (fundamental \ = 
the radiation resistance is as high as ' ’ 


R = 1579 



== 40 ohm 


( 2 ) 


if h, denotes the effective height of the grounded vertical wire. 

A condenser of even small capacitance offers an easy path for iiio-li- 
frequency currents, while an ordinary air-core coil may constitute a, 
very high impedance in a high-frequency circuit. An injurious cross 
current may flow in a multilayer coil that is not properly designed 
This is due to the capacitance effect of the coil, in spite of the fact "that 
the inductance still exercises its choking effect. For frequencies above 
a certain critical frequency, the coil acts like a condenser and it would 
require a properly designed inductance in series with the ordinary rptmlti- 
layer coil to tune it again. The dynamic value of resistance is higher 
than its static value and is conveniently determined by direct measure¬ 
ment. For a properly designed air condenser, the dynamic capacitance 
is about equal to its static value. However, this does not apply where 
spacious layers (of cylindrical or other shape) are used as electrodes, or 
where the conditions are such as to make corona (glow discharge) appear. 
The dynamic capacitance Ci and the static capacitance C» also differ 
when an imperfect dielectric is employed. The ratio Ci/C» is kaown as 
the frequency factor of a condenser. The dynamic inductance of a coil 
differs from its static inductance (low-frequency value). It is usually 
higher, but for a poorly designed inductance the effective inductance 
can with increasing frequency become at first somewhat smaller than the ' 
low-frequency value, since eddy-current losses of some of the turns wit bin 
the other turns may act as a secondary of a transformer and decrease : the 
effective lines of flux. Actual measurements are the only safe cribeiricpk' 
for the effective inductance of a coil. <,*, 'W 

2; Wave Shape and Its Effect upon Measurements.— Since both 
continuous and damped electric waves can be used in high-frequency 
work, they may be conveniently classed as: 

a. Sustained waves, sinusoidal or any other form, produced by ferric and non- 
ierne generators. T \ 




iKMlIiil 


III# Ui the prearnre iif irw»i 
i or are caused by aortas 
tatenwl eharaetcristl. «f s , 
lueooy). BomeUmm «n*Ii 
*«ud features f*»r mcMure- 
sfite*. 11 m* current fk»wi*n 
ter dfceiive reading, mere 


(pute 21). * 

For <i«mp«d wave train* due to N discharge* per mmwA, tite exact 

Waft ttiiiitefW'th 'Hk% 14*4 £ ** 

■ fly ' ngmmmn 


vvImw V, L, and It are ite eftem - 

inductance, and resistance of am neefflato r ia fared*, teari**, and 

and A m stands for Ite maximum value fW moat of tte work, Ite 

approximation 


A m 


can be used if a denotes the logarithmic decrement |rt » %«t< 

and/the numter «»f •i<- )>.< wr.ind 

3. Effect of Condensers ami Vml. i« Cm ■;,?, .. «, 

resistance H is (connected in parallel with a e**n»i«-ti*ter C, tte 
enpneilnnre V. is greater b,v ;)» • 1 .. 

shunt resist mice. Thi - , 










j'i»« i* anti* tnfmn$Mimmt C rtMiHtatlW ft. connected in series with 

stow hm. txmmwtu* ft, to i*M.*fl*«rt to to* "*■**""* ,, . . " T] 

(U> rftiM «i**» tw Mtuiir*rit» wwb»- a <*tt{Mus»tanws C, can m substituted 

by a capacitance C of practically 
tltt* mrnc magnitude a* C, with a high resistance ft in parallel. Since 
in this* case titr resistance to la* determined la unknown and it* » ft, and 
ih«* voltage ft, currant /, and phase displacement <p must have t he same 
rt*H|H»rUvt* value* for both the parallel and this series combination shown 
f*» h* 2, 
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would slightly increase the capacitance C to some effective value (■„ 
when used for measuring the terminal voltage of the condenser (Fig, 1), 

The effective capacitance is t .. i>ti 

< *# “ cl 1 4- -OWBl I (5) r0n 


At the same time the effective resistance ft, of the com- -j-*- —il—•- 

I .mat ion becomes considerably smaller and is 

ft. **• (6) - 

The validity of these formulas can la* proved as Aetuta 

follows: Sinoe the impedance# of the parallel branches « th* v"ituK» 
are Z, - ft, t% - l/<i«e), we have for the equivalent 

impedance 


y ZlZf 

* H + 2 , 


i 


t an v> » wCft» 


ummnmvaNGY 


The piw' where the resistance B, shows self-capacity to»•« >’* <i 

MDOBR the OB page 383 . It* ft Similar 

r'iHi Wr\ way it mm be proved that »o Inductance i, in pandkd 

/ ‘ t * yj with « resistance’ H ha** the equivalent constant# 

f _ _I H * " W+ JD h L * m ft* ¥ «»// (8i 

These constant* net again a* though II, and L» were in 
i~^wip^vwv**-** aeries. 

j # ** ^ I When a noil of iodwtaM L and resistance H to 

“ * » shunted by a oundenser of c a p scita i t c c f 4 it* in Fig 3, 

with kMMw. it* pond* we find, for %% « ft + /wh «od 7,% ■» ihaaqttlva* 

knt tmpwlMMe 

«|.tival«t Mte _ R 

f* - yffiy t - [f= 

, -141 -w^Xf-wOI* , 4, 

Therefore, the parallel condenser C changes the inductance h to an 
equivalent value 

, 141 - w<q,) - cm m l m% 

Lt - m r-'iXL m 

and the resistance of it to a value 

If n 

m m fnr«w+ww * rr="jcn <l0> 

For values of vKh smaller than unity, both the apparent Inductance U 
and resistance ft * an* larger than without a parallel condenser. Both 
are smaller for *»*CX > I. 

An application of thaw result# to the ease of a euU with Mdfaaperh 
taneo which mn, m an approximation,* be imagined a* being due to m 
inductance with a capacitance C In parallel. Hmw the eelfmapmdtftnee 
of a «»il has the effect of increasing, at first, the inductance ami the rectal 
a nee with increasing frequency until from a certain frequency on 

/»S ^cxaot formula Eq. (14)^ a decrease occurs. Sinre the 

displacement currents due to the soif-capaeitanei* C flow across the inwil.;i • 
tion of the coll, there exist dielectric losses and a resistance mu*« l»- 

« U <l*>n«t« tin* btohdrsquMMy resistance of the soil shin#. It U, thumb-* lb*- 
ilimit-mirrwnt reatotaaes, U « ft., + kP’, tor details see uniter meomireox »»** >.** 
t*. m. 

1 Htrietly, l!... sslfoapasitaae* to distributed in the coil. 



trie effect, 1/ 4 < I 

The equivalent inductance l.' of the parallel com- L —»*■ ■ J 

bination shown in Fig, i i« with i 'mnm ‘ 

\J ^ — /^a ] _ rf ^ * 1 with 1MttalX 

, . * J L l G p •vdntmi mSm 

o„ « -• *---**■*- —*■ —»-J (J2) eowbtosttoa, 

11> i ■« * j f 1 |" 

r L ~ x J 


1$ + pj* + | «£# — ^jJ 

•inee the equivalent series reactance X - The resonance fra- 

queney /» » wo/for occur* for the value of w which mate the reactant* 
^ " ®> that h*> which makes the numerator of L/ vanish. It become# 




MWil 


I**!: 




I r-—7«p 

'■‘■stsv ~t (u; 

Itoih results show that for current resonance the remulmm affects the 
vnltts* of the resonance frequency to some extent. The total current / 
in Fig, 8 flowing to the parallel combination is 

/ - + «C - (I 

'llte circuit is usually tuned % surging the setting of C which give* a 
mini mum value 

*11».' values for «*CX < t areof interest only because beyond the first natural coil 
nMnnsnee frequency, the coil is of no practical value anymore. 

* Aw'imliog to footnote I *♦»» page U. direct-current rcsistnuni plus incmaso duo to 
fin- shin which m proportions! to the square of the frequency. 
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u - yrv&tP 


wL 


when K «nd / tin* in phase, that is, when wC • jp-i ^ ** !***• 

ti willy,’ but wrf txaetiy the sums M tsfcsa / <• sorisrf until the value /, » 
rraetmti. liquation (16) shews that for the apparent ifsotianee ** Min* 
(assuming for true resonance a frequency m/br) the equivalent 
of t he combination has a value 

H* + «**&• 

”TT 




(m 


Wm 


1 The rigid Mfotion «hnwa that tbs efeoUwo fanpadaM* of the partite 


with a fe*etai»e 


F? 




Cl) 

(ID 


• % WMfttum fa undststoed that the rtwetanoe vsttMtow, thal it IT • 0, m 

t* - + wtt*t (lit) 

Thto condition etui he jmwloccd by varying tether /, C,«rt, i wa ptwli w tey . Whan 
the frequency / to waited, the «wtttnf 

,. ijr f*ii 

* *?m~ UJ 

will wttofy (III) and when tbto value to inasrlsd ia (t) we hod the impedance S< * 
fc/Chf, When the Mpatetancs 0 to wafted the MtUng 

C • * 

w ■ jprygtp 

will mttofy (III) and five the faapadasss X, « Whm t is waited, we 

fed for 4 - VT^TSSCffi» the *44feg 

. ! + 4 

• *arw 


whkth mUMm (1111 end given the tonps dsiw X, « \ 

l« parallel teradta St to often t wHe t —i y to *e»fc with aatheMowMies ter wfafefa the 
impdanee 7 imaam * raaxiutwn. We tevt then attain thaw mmm, natuely, M m, 
il/t /tl(‘ or 47.)Ah *» Kero ter whirl, X • Mm 


v—ur 


* deV^-Tar^ > (D*»«• - stop* <« - L+ y lV 

If these v»l«,»* nre intreduoad in (l) it will be found that ter the mtUm * 

• _*• + **&• 

O ffjH • «■**»*>■**£ ... ««** 

»V«W the wunn vahir M X, whteh to the wafaw ter C, in earn of mwoaio 
however, n dtSwamw for the other eomapondinc impedance vahi-» 
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which is large compared with R 0 at frequencies not near resonance. 
By neglecting IP in comparison with «„*£,*, and by use of Eq. (14), in 
which we neglect CR'/L in comparison with unity, we have the effective 

rcaistanii* RJ at resonance 

m grjj (17a) 




i parallel-resonance circuit can transfer energy from ooil L (Pig. fi) to a 
eoondary coil coupled to it. As it shown by Eq. (29), a secondary 
dreult will inorsase the effective resist mice R, corresponding to the energy 

muster. 

The circuit shown in Pig. 4 has another property of interest ax can 
te seen from the curves gtven In P'lg. 6. When the two realstanocM R ttnd 
i have the value y/EJC we obtain the P » 1 line showing that the eqttiva- 
ent impedance of the parallel combination is Independent of the/mp«i«r// 
md for the entire frequency band equal to an ohmic resistance % - 
A/f*. Such a parallel combination can therefore is* used to match 
in«i« and recurrent networks of surge impedance The proof 

* as follows: Putting R - p simplifies Eq. (13) to /„ ** l/2r\/C&. 
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Putting f/fo = Q, and Ry/C/L = P, gives R + juL = R 


i + Jjr 


R 




= R 


l 

PQ 


leading to the symbolic expression 
[1 + P 2 ] + jp\ 


R- 


H .g ] 


2P 2 + 


having an absolute value 


R 


- 5. 


/[I + P 2 ] 2 + P 2 


Q 


4P 4 + P 2 


l T 

L«-y 


Citri 


For f = f 0 , we have co = « 0 and Q = 1, and the effective value of 
resistance at resonance 

(») 


which for P = 1 gives 


Re 


-R, 


R 


t _ 


-4 


2P 2 


c»*l 


Putting P = 1 in (19) shows that the impedance Z = y/L/C «* Jit 
any frequency. 

The frequency gradient dX/df of any reactance combination! Ail 
always positive. This means that a reactance between any two pofJOtft&l 
of a network always has a positive increment for a positive inor&xsMMBt 
of frequency. This is true because for an inductive reactance Xi = coF* ** 
kfL we have dXi/df = kL = 2xL and for a capacity reactance FC m mm - 
— 1/caC = —l/fc/C we obtain dX^/df ~ 1/kCf 2 = 1/coCf. Both de>riv»*-< 
tives come out positive. Hence, when Xi and X 2 act in series, the sot i % * mf 


the derivations 


dX i , dX 2 . 


df + df 


is again a positive quantity just as the case f or m 
X X 

parallel connection for which X 3 = v \ . w - l eac *s to a positive vi*1 

Jx. i .f A 2 

since 

■yjr^idX 2 | -yg d-Xl 

dx 3 _ MT MT 


€ 


[X x + X 2 ] 2 


These results express the fact that an increase in frequency always rn<t A » 
the reactance more -positive. 

4. Energy Transfer between Circuits.—In order to transfer etU‘ru> % 
from one circuit to another, the circuits must be coupled. The fvnri*§ i% 
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!»»••»'»! type* aw shown in Fig. 6. The degree of coupling is expressed 
l*y lie coupling coefficient * which for the direct inductive, magnetic, 

.'iml cajmeitive coupling in 

* - ( 22 ) 

when Xm denote* the mutual or transfer reactance common to either 
circuit, and X, and A'» the total similar' reaetanoee of the respective 
circuits when not affecting each other. For the direct coupling we then 

have 


juL, 

vmu +riWt, + tj 



WPSiwIZw 


Mywfci 

flg tp fw y 

*'?6cr 


'"CEE* 


f«i, DMfarent kind* of eoaplini. 

which ttimpUfian to the expression given in t he figure. The small coupling 
<lw* to tit© common resistance of L» is neglected. For the capacitive 

coupling X m - l/j*C t ,Xi - \/j<*Ct\ X t - 1 /j*C H where C, - 

and C„ - ""** not ® tfjRt for Xm * m the coupling is 

100 j»t cent. 

In inductively coupled circuits as in Fig. 7, when the total primary 
imjieriaiice — #„ + Zt, wlien not affected by the secondary, and the 
total secondary impedance Zt m X. +• Z* when not affected by the 
primary, one hits the vector equation 

» Himilar to that of eoupUng, magnetic when coupling is magnetic, capacitive when 

coupling is capacitive. 
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Applying tbeae reeulta to tbeeinraitabownin fig. Igtvtw£, • 

ft " ft* + j»(*> Z m m jwM, and 

** + * -H 1,1 ~ 

*• + M* * Ml 

showing that the effect of the eeeonditry «M I* equivalent »«* m tn rrwm 
of reaiatanoe ft, by the (mount 4 ft* and a 
deerowe of the primary iaduetaaoe L% by 

Ah $ where 4 *» «-«*!'■■. fc . 

«r + «rJ# 

la the general dreutb (fig. 7), tmtxl. 
mum energy trnwrfw wo tie obtained by - 
varying £„ 4 ( ,r £., An ieepeetloa of *. 

(24) ehows that, by varying the coupling f 
betwwm the two eireuita, the secondary I 
current /, pmm through a nuudmum when ** • 

fJ - £,£, (37) 

™-,rr "!r '5 * lamml *" »pu»™» **«• ww. 
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Bt 



mm 

«M r 

It » 

j- j t mHS through two maxima when the effective reactance A 

i, «of j.I*— T w :" m '" bo r*it 

itofot i. » blquiuimUc with n*,«* to the Mueney »/Sr. Bor 

1 '' ,x “ irfy* ‘ ” *' * * 1 ' ""*•’"* *** 

/ «, j_ J i ffi* +_. 4 * 7 /'<!/•* 

which for c x u « cw* * /* - /»• th,> 

f , „_A_, ami /»' f' where • tn 

oot very tore we obttta t« -%-!■”■ 

between the two maxima found hero and ikorn when H cpnrk g. 

acts on a resonator. In the latter cur, the two amthnit 
acts on a res , v .jj!tlion ft* here, each 

exist smvJtammly, white, ft* «nnw«u»i«« . f wlti . y . 

mum setting occurs only when excited with the ^ 

Equations (29) and (30) also explain the well-km* n . 

(and grid dip) utilised when a tV> t n. „< v ».f a coupled etm.il * ‘h ' 
minedwith a heterodyne gener;ti<-r h- Nr a my h^; 

between both circuits, we lev f..r *• ..me f < 1 f r ‘ j'* 1 ' J f , / 

but near this setting one of .he Hvo dde 
responsible for the frequency ..i He mbe v-< merit for > ■ ' 

either the condenser C, of the primary or the oondenner (, «»f «»*« « *« 
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ary near the true resonance setting, the oscillation for one frequency will 
break off and jump with a click to the oscillation of the other frequency. 
The click is nothing but the interference tone M 

produced between the oscillation which is stopped ,— r~p —r*7- 

(dies off) and the new oscillation which builds 1 ’ gp* c -i~~L 

up, both occurrences taking place during a very ?' —1 

short interval. The most favorable coupling for '-^- —* L “ J 

which maximum energy is transferred between the Fl ^°t“ed'second w™* 
tuned circuits occurs for dI t /dM = 0 or 

nr __ VRiRi fan 


Z - Zr 


This result can also be directly obtained from Eq. (27), since for resonance 
ZJ = ZiZi = RiRi -1- XiX 2 = R 1 R 2 and Z m = jo>M. Using this result 
in the general Eq. (25), where for the tuned coupled system Z X Z 2 — R X R 2 , 
we find for the maximum possible secondary current 

7 _ 'VRlRlEl _ El 
2_ R 1 R 2 + R 1 R 2 2vra 

The circuit shown in Fig. 10 plays an important part in high-frequency 
work since it represents the equivalent network of a tuned amplifier. 

Since 2 1 = Rq + Ri + jXL 1 = p + jX\ ; Z? = R? + j XL?. — an d Em. — 

juM, the equivalent impedance, according to Eq. (24), is 

7* 

Z r/ 

— - w~ 

K 2 

since for tuned secondary X 2 = 0. Assuming, further, that the resist¬ 
ance R 0 is large compared to R and L x only a few coupling turns, then 
Z\ ■— p = Ro and the equivalent impedance becomes 

Z = p H-5— = 

JL12 

that is, it is pure resistive. The primary and secondary currents are then 

r _ Ex _ R?El , A r caMIi _ o>ME , 

11 ~ Z ~ R?-p + <* 2 M 2 2 R 2 Ri-p + rfM* 

The voltage E 2 is 

rp _ ( j r _ ^L 2 ME 1 
E 2 - 0 R2P + 

and the voltage ratio of circuit transformation 

E 2 co 2 ML 2 

E% R 2 p « 2 Af 2 

when the secondary is tuned. According to Eq. (27), this ratio can be 


0)L 2 I 2 ^ 
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(33) 


HH 


■T 


c Tl 


Voltage Resonance 
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still further increased ft adjusting for the best coupling which for the 
above assumptions requires 

co 2 M 2 — p E2 

and the possible maximum circuit transformation becomes 

E2 ^ _^2_ 

Ei 2VW+1J 
Hence the maximum voltage step-up for fixed circuit resistances is 
directly proportional to the reactance of the secondary coil. 

5. Resonance Curves.—For sustained high-frequency currents, the 
plot of the effective current against the exciting frequency is known as 
the “resonance curve.” 1 Figure 11 gives such curves for a coil in series 

with a condenser and a coil in parallel 
with the condenser. The former is 
known as the voltage-resonance case, 
IjgeWfcr a constant applied e.m.f. and 
W^hance (coL = 1 /«C), the maximum 
glfrent I flowing through the series com- 
Mnation produces very high voltages 
across the terminals of either coil or of 
Condenser. The other case is known 
as current resonance, since at resonance 
the current flowing to the parallel combi¬ 
nation is practically zero, although very 
jfcavjf antiphase currents flow in the 
respective parallel branches. There are 
also resonance curves which are based on 
% current decrease in a step-over reso- 
f hator due to absorption. The resonance 
jetting is then marked by a sharp current 
minimum. Resonance curves due to the dynamometer effect between 
two circuits are dealt with on page 182 and in Fig. 142. Figure 9 gives 
the resonance curves for the coupled-circuit resonator. 

For voltage resonance, the resonance curve is given by the relation 

' iff. 



For C, L, and R in 
series , and the impressed 
voltage £ constant. 


Fig. 11.—Voltage and 
. nance. 


current reso- 


1 = 


where 


VF+T* 


sin [cot — <p] 


cp = tan 
E 


R 


uL 


tan -1 


coC 


R 


f ~/° 
. f 


1 


(34) 


(35) 


0 - yjj and the resonance frequency / 0 = 2-n-y/CL 

1 In. some cases it is of advantage to call the plot of the square of the current 
against the frequency the resonance curve. 



FUNDAMENTAL RELATIONS AND CIRCUIT PROPERTIES 17 


The resonance curve can also be expressed by means of the degree of 
detuning Aw = w — «i where w denotes the angular velocity 2rf of the 
applied voltage e = E m sin cot producing the resonance current I m sin w t 
and wj. = 2irfi the angular velocity of the circuit due to its natural fre¬ 
quency f x . For the damping factor a = R/2L the equation of the 
resonance curve becomes 


J. - 


■E„ 


EJ2L 


EJ2L 


R + jcoL + 


j*C 


3J± 

2 


Ux‘ 


+ a 


., w 4- oil , 
,?Aw—— 1 + a 


EJ2L 
a + jAw 


2w 


Introducing the corresponding effective values, there is for the resonance 
curve 


I = 


E 


2L\/ a 2 + Aw 2 


(35a) 


Figure 12 shows that the phase displacement <p changes very rapidly from 
a negative to a positive value, since near resonance f = fo and 


W/ + /o][/ 

3 /o 2 


fo) 


2x /—/o 
S fo . 


Equation (34) shows that it is immaterial whether we change the fre¬ 
quency, capacity, or the inductance. All three 
variations give the'same resonance curve, assuming 
that C, L, and R,, are constant for the compara¬ 
tively small frequency range near resonance. Since 
E/R denotes the resonance current, the resonance 
voltage across C or L is 


E 

R' 


wfE ~ E r 


and the voltage ratio at resonance becomes 
E r _ w 0 L _ 2/oL 

¥ 



= s 


(36) 


Fig. 12.—.Kcsonanoo and 
phase curves. 


R:~ R ' 

giving exactly the same ratio as obtained for current resonance in Eq. 
(18). The voltage across the coil or the condenser is therefore very high 
and becomes higher as the logarithmic decrement S = R/2Lf n becomes 
smaller. The quantity 5 therefore measures the sharpness S of tuning, 
since the resonance curve becomes more peaked as S becomes smaller. 
A circuit with a large inductance and a small capacitance (for one and 
the same frequency) gives therefore a much sharper tuning, assuming 
that in each case the resistance R is of the same order. 

In Fig. 11, the voltage curves across the inductance L and capacitance 
C show that more change is obtained by noting the voltage drop across 
the inductance for values just below the resonance frequency. The 
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same is true for the voltage drop across the condenser for frequencies 
higher than the resonance frequency. This is of importance when 
harmonics are to be determined by means of a tube voltmeter, since, for 
instance, for a given voltage due to the second harmonic across either 
the inductance or the capacitance, the voltage across the inductance 
due to the fundamental will be only one-fourth of that across the capaci¬ 
tance. The effect due to the fundamental will therefore be all the less, 
the higher the order of the harmonic for which the voltage is to be 
determined. Hence, when the harmonic content of a current is to be 
determined by means of a tube voltmeter, the error in the measurement 
becomes less when the tube voltmeter is connected across the inductance. 

The equation of the resonance curve for current resonance is given by 
Eq. (15), showing that there is not exactly the same resonance curve 
when / or C is varied. But for feebly damped circuits this is not the 
case, since we obtain the expression for the resonance curve as 

I - +|_L - cocj cos M - <p] (37) 

y where 

, . col/ 

<p — tan RC / L - 


giving the resonance setting I r = an( ^ the current ratio at resonance 

I L /I = x/S as, already found in Eq. (18). The current through the 
condenser or through the coil branch is all the greater compared with the 
total current flowing to the parallel combination, the smaller the logarith- 
mic decrement 8. 

By means of the resonance curves it is possible to determine the 
effective resistance and efficiency of circuits as is shown among the 
measurements. It is then often of advantage to bring the expression for 
this curve in a more convenient form. For instance, for Eq. (34), for 
the resonance curve we find the expression 


1 = 


Ir 

Vi + p 2 



where I r = E/R and denotes the resonance current, 1 andP = X/R gives 


1 When the impressed voltage is distorted and of the form: 

[Ei sin o>t + Ei sin 2<of + E» sin 3 at + £?4 sin 4u< ] and the circuit is tuned 

to the fundamental frequency, the effective current is 


Ir' = 


El 

RV2 


V 1 +5[(i s2 ) 2+ (i Ei Y + 
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where 8 denotes the sharpness of resonance. For the value P = 1, the 
resonance current I r is reduced to a value 0.71 I r which corresponds to 
a small detuning if the decrement 8 is not unreasonably large, and intro¬ 
ducing the relative detuning 


/o 


(39) 


in the above expression, we obtain 

f — i i ,7-i / /o 


, - 1 + d and ~ ^ 1 + d — 
Jo Jo / 

since c? is small compared with unity. Hence 

P ^ 2Sd - ° - fo 


[1 - d) - 2d 


d = 2s\ f — T ^ 

JO 


(40) 


When the resonance current is reduced to a value / == 0.71I r correspond¬ 
ing to a frequency / which may be either higher 1 or lower than the 
resonance frequency/ 0 , then P = 1, and Eq. (40) yields the formula for 
the sharpness of resonance V \' v 

8 = 2[/-/o] (41) 

and since 8 = ir/ 5, the formula for the logarithmic decrement becomes 

d = 2J-^ = ~ ( 42 ), 

Jo Jo 

where w denotes practically the width 2 (/ — / 0 ) of the resonance curve 
when the square of the resonance current J r is equal to twice the square 
of the current I corresponding to a frequency /. Calling f x and / 2 the 
smaller and larger frequencies on each side of the resonance curve corre¬ 
sponding to the same current reading I = I T /y/ 2 (Fig. 12), the logarith¬ 
mic decrement can also be computed from the formula 

___ S ' i, ■■ v 

since for such a tuning uL = l/o>C and any higher harmonic of order pw the reactance 

coL 


X - pa>L- 


coL‘ 


p 2 


and I v = E p /X and 7/ = VUT7? 

1 Detuning can be obtained by changing to frequency values on either side of the 
resonance setting (Fig.' 12). 
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5 = J±^Jl (43) 

JO 

When a square-law current detector (thermoelectric instrument as is 
usually the case) is used, .it is only necessary to read off the resonance 
frequency / 0 and the frequencies fi and / 2 , respectively, when the test 
circuit is detuned by increasing and decreasing its capacity setting so 
far as to produce the half deflection on the indicator as noted when the 
circuit was in resonance. These derivations 1 form the basis of many 
measurements, since for sustained oscillations the power factor of a circuit 
is equal to the logarithmic decrement divided by i r. The power factor lies 
between zero and unity and is unity for an ideal circuit. 

6 . Resonance Curves Taken with a Frequency Meter with Special 
Reference to Currents of Large Harmonic Content.—A good frequency 
meter is an ordinary resonance circuit which exhibits very small circuit 



losses. The decrement b is therefore small and settings of maximum 
current response are sharp. The settings for maximum current response 
are usually noted with an indicator the deflections of which are pro¬ 
portional to the square of the current. The maximum reading corre¬ 
sponds to the condition of resonance and even to a high precision when 
only the few lower harmonics are picked out with a loosely coupled 
frequency meter. But if the current to be investigated has a large 
harmonic content and it is necessary to tune to frequencies which are 
of a high order with respect to the fundamental frequency, a step-over 
resonator should be interposed* between the test circuit and the frequency 

1 A knowledge of the logarithmic decrement 5 of a circuit is just as important for 
undamped as for damped currents, although only in the latter case is it directly seen 
on the current wave. In each case the circuit losses produce the same decrement and 
decrease the efficiency of the system. Only for a negligible 8 is the natural frequency 
of a circuit equal to 1/(2 t^/ 5E) and a very sharp tuning possible. 

2 A good way is to use a tube circuit with a plate reactance tuned to the particular 
harmonic. The e.m.f. acting on the grid of the tube is due to • the distorted harmonic 
current. 
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meter and be tuned to the particular harmonic current whose frequency 
is to be determined. If this is not done and the frequency meter is 
directly coupled to the test circuit as shown in Fig. 13, the resultant 
resonance curve due to successive harmonics which are relatively close 
together because of the high harmonic 1 order is as shown by d. The 
successive maxima do not exactly correspond to the true frequencies 
(p — 1 )/, /, and ( p + 1)/, where p denotes the order of harmonics. The 
di f d 2j and d z curves denote the resonance curves of the respective succes¬ 
sive harmonic currents when acting independently. Hence, a loosely 
coupled step-over resonator tuned to the frequency to be measured will 
emphasize, more or less, only the particular resonance curve (d 2 curve, 
for instance) in a frequency meter which is loosely coupled to it because 
the effect of the deflection due to the neighboring harmonics ((p — 1 )/ 
and (p + 1 )/ in this case) are then negligible. 

It can be shown that the effect of the frequency discrepancy, when 
such precautions are not taken into account, is proportional to the fourth 
power of the power factor of the circuit. The effect can therefore be 
reduced to a small amount when the T L L L i 

decrement of the frequency meter is 

chosen small. f *fyfc jc j s= j Jc jc 

7. Resonance Curves of Distributed E has amplitude fora/ifrequencies f 

Circuit Elements —When a parallel-wire ft p 2 PMana'P^rrwm' 

system which is short-circuited at the far I 1 [ 4 

end is excited by a constant e.m.f. of A \ jV l\ 

variable frequency, the current in the / W f 

line will vary as the frequency is changed. Fig. 14.—Multiresonance curve of 

There is a senes of frequencies for which along and capacitances across the line, 
the line behaves as an ohmic resistance, 

and a series of frequencies for which it acts as though having a very high 
reactance. Exactly the same thing happens for an open-ended double 
line and for an antenna. 

This action is due to the distributed nature of capacitance, induc¬ 
tance, and resistance. The same thing occurs with a long coil which 
has distributed inductance and capacitance. Figure 14 shows the reso¬ 
nance curve of such a system where the points of maximum current I 
flowing into the network correspond to unity power factor in case of 
voltage resonance and the points of minimum current correspond to a 
condition of unity power factor for an equivalent current resonance. It 
can be shown that the sharpness of tuning is more marked than it would 
be for a single closed circuit with localized inductance, capacitance, and 
resistance. Such arrangements can be used to advantage for circuit 
tuning and for filters. 

1 The successive resonance settings on the variable condenser are very close 
together. 
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8. Summation and Multiplication of Sinusoidal Time Variations of 
Different Frequencies. —The summation of sinusoidal waves plays a part 
when voltages or currents, respectively, are superimposed upon each 
other in the same circuit. This means that it also exists for currents 
or the voltages of distorted wave form. 

Suppose two alternating voltages e x = E x cos ut and e 2 = E 2 cos corf 
are applied to the same circuit, and coi/2tt and co 2 /27r have any value 
whatsoever, just as the amplitudes E x and E 2 are different. The instan¬ 
taneous value of the resultant e.m.f, is then 

e = e x + e 2 = E x cos corf + E 2 cos c orf 
— Ei cos corf + E 2 cos corf + E 2 cos corf — E 2 cos corf 
= 1? 2 [C0S corf + COS corf] Hr [El — E 2 ] cos corf 




2E 2 cos 


COi 


I pos 602 + [Ei — E 2 ] cos corf 


T7 COi + C0 2 , n 

Ej cos —^ — - + E u cos corf 
The resultant voltage consists therefore of a part of mean frequency 


/1+/2 


whose amplitude fluctuates in step with the difference frequenc 


ft ~ h> and a purely cosinoidal part of frequency/i, which disappears when 
the amplitudes E 1 and E 2 are equal. Therefore, these substitutions < 
be made: 


and have 


m = 

•:V. 


COi H~ co 2 


d 


COi —T co 2 


(45) 


, d 

coi = m + 


2 } 


co 2 = m — 


The resultant instantaneous voltage is given by 

e = Ei cos +- t -f- E 2 cos |~m — gjtf 

d j 

= [Ei + Ei] cos mt cos +■ [Ei - E 2 ] sin mt sin ~t 


= [cos mt — <p], 
COi H" co 2 




where 




= cos 


t 


+ E 2] 2 cos 2 g* + [El - E 2 ] 2 sin 2 
VE? + I? + 2E l E i cos [ Wl - 


*" tan il$j | tan_1 




COo 


(46) 


(47) 


The amplitude of the resultant wave varies therefore in rhythm with the 

difference frequency 


^ /1 — U and between the limits E x + E 2 and 




8s ,,f ,i representation Fig. is. 

The superposition of two waves of unequal 
frequencies plays nn important part sinoe upon notification it. is possible 
to indicate the effect of two high-frequency currents by mctum of a our** 
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rent due to their difference or beat frequency. Since the beat frequency 
fi — is in many cases small compared with the mean frequency Y 
(/i + / 2 ), the rectified current can be computed from the relation 


(Ei + E 2 ) cos ' 


where q = 2 for a square-law detector, E denotes the effective value of 

the resultant voltage acting on the detec- 
tor, and E x and E% are the amplitudes of 

LAW **/ \ it , , 


*/ V ^ / I the component waves which are assumed 
fill I II \A I equal. 

Mrr fffnj 1TT[/Xl/ i T The multiplication of sinusoidal varia- 

\j \l \j II \t I I y X tions plays a part when high-frequency 

\| 1/ \j| currents are to be modulated. Suppose 

. & .V a high-frequency current of instanta- 

high frequency mMedhigh neous value I m sin tit is multiplied by the 

(carrier)curmt fretj. current c * 

- -- 0 _ . . , ... , instantaneous value of a harmonic varia- 

Fig. 17.-—Symmetrical amplitude 

modulation of a high-frequency cur- tion K sin oot, where K = i m /I m expresses 

rent of frequency Q/2ir by means of ra ^ 0 0 f £he amplitude of an audio 

an audio current of frequency co/27t. ^ 

current i m sin cot to that of the high- 

frequency current, one obtains 


Unmodulated Completely' ^ 60 ^ 

high frequency modulated high 

(carrier)currcnt freg current 


KI m sin tit sin cot = — ~^{cos (2 — co)t — cos (12 + «)£} 


showing that a term of lower frequency ^—— and a term of a higher 

Zir 

frequency ^ is obtained. 

Zir 

Figure 17 shows the application to a case where a high-frequency 
current is modulated by an audio current. The instantaneous value 
of the modulated high-frequency current is 

i — I m sin tit + i m sin tit sin cot = [I m + KI m sin cot] sin tit 

unmodulated completely modulated 
carrier current 

= I, n sin Ot + ^ cos (0 - u)t - ^ cos (0 + «)< (52) 

showing that, in addition, to frequency ti/2Tr of the circuit current, one 


also has the sum and difference frequencies 


l -T co .0 — co 

2— “ d ST’ 


factor K = i m /1,„ denotes the degree of modulation. When the modulated 
current passes through a resistance R, the energy dissipated is 


W = PR = 


K*IJ KHJ 
8 + 8 
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Hence if the carrier is suppressed, the energy required is only 


Wi 



(54) 


For complete modulation (K = 1), the energy loss with all three fre¬ 
quencies is three times as much as when only the two side frequencies are 
present. 

If a modulated voltage 


e = [E m + e m sin o>t) sin Qt (55) 

modulating variation of 
e.rn.f. carrier 

is impressed on a detector with a current which varies according to % ■» 
ae + for the current in the detector, 


i = +- 2 E m e m sin w< + + ~ cos 2c d 

sin w< + ^ cos 2co t 


+ radio-frequency terms 


+ terms which cannot affect a tele- 


terras of single and doubts audio frequently ph()H6 receiver 


( 56 ) 


The effective value of the telephone current is 
1 - 

s * b -^ m « kE^ m (57) 

since the doubly periodic second term under the square root is small 
compared with the first term. Even for 100 per cent modulation, which 
is the most extreme condition, it is only 6.25 per cent of the fundamental 
since then e m =* E m . Equation (57) shows that for the registered tele¬ 
phone current it is immaterial whether the amplitude of the carrier or 
that of the modulating wave is large as long as the product E m $ m is 
constant. 

Since a modulated high-frequency current covers a frequency band 
twice the modulating frequency with the carrier frequency halfway 
between, a tuned circuit will produce more distortion the sharper it in 
tuned, that is, the smaller its decrement, since for an induced o.m.f. of 
modulation K per cent 

e = [E m + KE m sin wi] sin ill 

The current i in a tuned circuit consisting of a coil (L, E) and a oondenaer 
(C) is 

i = sin Of + cos [(0 — u)t — tpi] — cos [(0 ■+- u)t —**J (58)^ 
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where Z l = V^ 2 + X! 2 ; Z 2 = V& + X 2 2 ; = [ft - «]L - 


X 2 = [ft + «]L - 


[ft -f- co]C7 


; (pi = tan -1 ~r- and <p t — tan -1 


[Q-«]C' 


E 

Z 2 


The 


reactances to currents of the two side-band frequencies, — 5 —- and 

jQT 

Q 


2ir 


are for the circuit tuned to the carrier frequency 0 / 2 r. 


Xi = [12 — co]L — 

z --+ 2 'S7 


ft] 


i + £ kiL 


- 2 0)L =55 - 


coR 

ft 


-*s? 


since QL — 1 /QC and for audio-frequency modulation w /0 is small 
compared with unity, that is, ■ 1 ^ 1 + Hence Vl = - Ps = 

(>-i) 

<p and the effective current I flowing in the tuned circuit is, for the 
effective values E ■= EJ\/2 and I = IJy/ 2, 

t- E ~„ o/i KE 
J- — sin —j— 


2 yjl + 


2ttoo 

w 


4 cos [(0 oi)t cos [( 0 +co)<+^]} ( 59 ) 


f 


The amplitudes of the currents due to the side frequencies 
Q-j- 

and are therefore more reduced as the decrement 8 becomes smaller. 

The distortion due to this amplitude effect, and the one due to the phase 
effect <p, can be avoided by suppressing the carrier current and tuning 
to only one side-band frequency. 

Moreover, by modulating a high-frequency carrier current with a 
current of lower frequency, the phase angle of the carrier varies between 
0 and 90 deg within one-half of the period of the modulating current. 
Hence the frequency of the carrier itself must vary within the period of 
the modulatmg current. This is the reason why stations receiving the 
same program from two stations of same carrier frequency may give 
nse to distortion. The same thing also happens when a tr ansmiss ion 
line is energized at different places with generators of exactly the same 
earner frequency. When two generators are modulated, they undergo 
the frequency change mentioned above and beats occur in the line at 
points that are at different distances from the respective senders of 
source, owing to the finite velocity of wave propagation.' 

9. Negative Resistance— An apparatus represents a negative resist- 
mice if a sudden increase in voltage produces a sudden decrease in current. 
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The differential quotient de/di is therefore a negative quantity, whereas 
for an ordinary resistance this ratio is positive, A negative resistance 
therefore has a falling volt-ampere characteristic, but otherwise it has 
the same properties as an ordinary resistance since it impedes a flow of a 
constant current. 

A negative resistance is a conductor which has an internal source 
which either partially or entirely supplies the circuit losses and in some 
cases supplies a surplus of energy. In the first case, this is equivalent 
to reducing the effective resistance of the circuit, while for the second 
case the effective resistance disappears altogether. When the negative 
resistance supplies more energy to the circuit in which it is connected 
than it absorbs, it gives rise to a current increase and can in soma cases 
produce oscillations. Examples are dynatron-tube generators and 
ordinary amplifiers with a back feed to the grid which produces self¬ 
oscillations, that is, any sort of tube oscillator. Also Poulsen arc 
oscillators are based upon the negative resistance action of the arc. 

It can be shown that a series combination of an ohmic resistance R 
and a negative resistance ( — r) when connected across a variable source of 
voltage e will produce amplified voltage variations ei and e% across li and 
( —r), and the voltage amplifications are 


5ei R 

mmmm* S3 

Se li — r 



When the negative resistance (—r) is connected in parallel tQ an 
ordinary resistance It and the parallel combination is energized by a 
variable current i, in R and r the current amplifications obtained are: 


Sii 
5 i 


R 


It 


R - r 


( 01 ) 


When a negative resistance (—r) is connected in series with a coil 
of resistance It and inductance L and a constant voltage E Is suddenly 
applied across the combination, the current increases according to the law 


E 


It-r 

— r 1. 


R 


(62) 


By a proper choice of ( —r), the current increase can be accelerated at 
mil. When It is numerically equal to r, a short-circuit current flows. 
Fortunately such apparatus (dynatron, Poulsen arc, nogatron, tungar 
with open filament) produces only a negative-resistance action over a 
limited portion of the volt-ampere characteristic, and any short-circuit 
currents would be automatically checked. 

An important arrangement for the production of oscillations with a 
negative resistance (—r) is given in Fig. 18, where a constant voltage E 
is suddenly impressed on the combination. Considering this voltage a* 
a vector $ revolving with zero angular velocity, we have 
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-r) + I 


wC [nL + R] 



r (n 2 CL(—r) + n[CR(—r) + L] + [R - r]\ ^ 

n 2 CL + nCR + 1 J V ' 

and a bisymbolic 1 multiplication with the respective 
angular velocities 0 and n yields 

n 2 CL(—r) + nlCR(-r) + L] + [R - r] = 0 'i 


_'R _ 
2L 


Fio. 18.—The m = a - 
negative resist- 
anee (-r) gives lowing 
rise to the pro- ® 

duction of oscil- p _ L 
lations. " "" n J 


= a + jo) 


sustained oscillations are obtained fo 


10. Electrostriction and Magnetostriction. —A change in shape and 
dimensions of a dielectric when acted upon by an electric field is known 
as “electrostriction.” In the case of magnetostriction, certain materials 
change in shape and dimensions under the action of magnetic fields. 

For electrostriction the change in shape and dimension becomes 
considerable when piezo-electric dielectrics are used, and under the action 
of an electric force with the same frequency as that of one of the natural 
frequencies of the piezo-electric substance. 

The effect in Rochelle salt is very pronounced. However, since this 
substance is rather hygroscopic and has poor mechanical properties, 
crystal quartz is preferred for high-frequency work. 

Steel and pure iron, although strongly magnetic, show only very 
yeak magnetostrictive effects. But pure nickel, while it is only slightly 
magnetic, gives a strong magnetostrictive response. One gauss shortens 
a nickel rod about 3 ^lo 6 °£ Its length. According to G. W. Pierce 2 alloys 
of 36 per cent nickel and 64 per cent iron, which is the approximate 
composition of invar and other stoic metal, is very magnetostrictive* 
Unfortunately this alloy has a large temperature coefficient. Monel 
metal, an alloy consisting of 68 per cent nickel, 28 per cent copper, andl 
small percentages of iron, silicon, manganese, and carbon, is also verjr 
suitable. Alloys of chromium, nickel, and iron (nichrome) are very 
active when a magnetic field is applied. All of these materials axtr 
improved by annealing. If a rod of some magnetostrictive material 
forms the core of a coil through which an alternating current flows, tte 


1 For details: Elektrotech. u. Maschinenbau , Heft 26, 34, 37, and 45, 1920. 

2 Pierce, G-. W., Proc. Am. Acad. Arts Sd., April, 1928; W. L. Webster, Proa * 
Roy. Soc. {London), December, 1925; A. Schulze, Z. Physik ., 448, 1928. 



through K volt# erf potential difference is 



which for lower velocities approaches the non-relatlvietio value 0.5me*. 
Both relations play an important part when dealing with electron tub®*. 

The combined mm of about 1800 electron* Is the same a* that of the 
h«hte»t atom, which I* hydrogen, end the cumber of electrons that would 
l*e require*! to make a gram is numerically the wine a* the number of 
cubic centimeters contained in the volume of earth. In e.*. e.g.s, unit*, 
the charge </ carried by the electrons is 4.774 X 10- cm s/dynea, corre- 
to (-1,892 X 10“'*) International coulomb*. Therefore, if 
two wplu'reH eneh containing 1 g of electron* were placed 100 cm apart 
they wituid repel each other with a force equal Ur the weight of about 

• Ib-ferreor*: W, «, 0*»», Ittbtlegfspliy on Fteto^Iw-trieify, Pnm, tMM, II, 

«!, l!«K 

’ f“ r »S-o«N muI WMmphH, are tub# su e eumn rote Chapter XIII. 
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3 X 10 22 tons, thus exceeding the gravitational force by about 5 X 10 42 
times. A current of l amp is equivalent to a flow through a given cross 
section of 6.285 X 10 18 electrons/sec. 

When an electron is placed in an electric field at a point where the 
electric force 8 in volts per centimeter acts, for the mechanical force on 
the electron we have 


F i = qS 10 7 dynes 


( 66 ) 


Because of the negative charge g, the force acts against the direction of 
the applied electric field. When the electron moves with a velocity v 
in a magnetic field of flux density B, a mechanical force F 2 is exerted on 
the electron, which is given by the expression 


F 2 = 


I dg _ —qyB 


10 


10 


dynes 


(67) 


where F 2 , y } and B are vectors since the mechanical force is perpendicular 
to the direction of the magnetic field intensity B and to the velocity v. 
The quantity d in centimeters denotes the distance through which the 
electron moves in 1 sec. The total force is therefore 


F = F 


+ F 2 = q S10 7 - iBv 


( 68 ) 


when the electron is subjected to both an electric and magnetic field. 
Therefore when an electron is projected with the velocity v at an angle 9 
to the magnetic field H , the deflecting force is Hqv sin 0. If p is the radius 
of the curvature of the resulting path, 


Hqv sin 0 




• or p 


mv 


which is the equation of a helix. For sin 0 = 1 

; If ,jt ' 


Hq sin 0 


P = 


mv 


(69) 


(69 a) 


one has a circle. These results have a bearing upon the cathode-ray 
oscillograph (page 65). , ' j 

The current flow in a conductor is due to moving electrons which 
break away from the atoms and reenter the neighboring atoms. The 
electron theory assumes that in conductors there are many free electrons 
in addition to those which are bound. The free electrons are in constant 
motion and the velocity of motion changes with the temperature as for 
heat motions of molecules. 1 A current in a conductor is then due to a 

1 The reason metals are good conductors is because we have to, deal with atoms 
only. They are closely crowded and can interchange electrons when only small 
electric forces act. For (-273)°C., the resistance would be zero. For further 
details, see page 262. 
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transfer of elect rone from one atom of the conductor to the other under 
l he inlloence of an electric field. A conductor becomes positively 
charged when under such actions a deficiency of electrons occurs, It 

>ioes negative when there is an excess of electrons. For insulators 
the electrons move only with extreme difficulty. An ideal insulator 
would l*> a liody in which there arc only bound electrons. Under the 
net ion of an electric field they can Is* displaced only somewhat from the 
equilibrium position. 

Since an electron starting from rest and moving freely under the 



primary electron in volts, the number P of the produced secondary 
electron* is about 

J>-£ (7.) 


Since one electron is the smallest electrical quantity, 1 secondary emission 

* The * tootle structure of elrotrieitjr sen five rise to limitations in tuts* aieswtn*- 
i , ? | i 1 -- * c i ; » qaimltiMt llte ilmv ton’ll (\S, 

JVto.fl effect, OH8) nu be noticed when the empliBention is high, «HK> 
f,,M na<t »«..»» A t*depbone weaver will then at» Indioeto noieee due to this effect 
sti.1, if thrv are louder thsn the sound to be detected, the effect gives rise to error 
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is possible only when W is at least 10. The number of the secondary 
emissions can therefore be increased when the velocity of the primary 
electron is made large. 

Formula (70a) also gives a means of computing the “electron lag’’ 
in high-vacuum tubes. The same plays a part when dealing with 
Schrott or shot effects and also when tubes work in the very high fre¬ 
quency range such as amplifiers and oscillators, since only those electrons 
which have time to pass from the cathode to the anode of a thermionic 
tube during half a period [= 1/(2/)] of the oscillation can contribute 
to the alternating component of the plate current. If t t denotes the time 
for an electron to reach the plate, the amplitude of the alternating 
component of the plate current is decreased by 4/(1/2/). Since v in 
formula (70a) stands for the maximum velocity which the electron has 
obtained when it is about to hit the anode of positive potential E volts 
with respect to the cathode (neglecting the small initial velocity of the 
electron), the value for the average velocity of the electron, during its 
passage from the cathode to the anode, is 0.5a. But the distance d 
covered divided by the time t 6 of transit is equal to the average velocity; 
hence 

t (««) = 2 X average d istance between cathode and anode 

v 

2 rfd' m) 

6 X 10 7 v'tf lv,,,M 

If the average distance d between the cathode and the anode is 1 cm and 
100 volts anode potential are used, the time of electron transit is then 
3.33 X 10~ y sec, while for E = 900 volts on the anode it is only L I 1 X 
10"° sec. For a high-frequency oscillation of 100 Me/sec, half a* period is 
equal to 1/(2/) = 5X 10“*° sec, showing that for 100 volt-electrons the 
current lost on account of electron lag is 2 ft, = 333^= (jqqj j )er e0I1 | | 
while for 900 volt-electrons only = 22.2 per cent is lost. By loss 
is meant that these electrons swarm to and fro without producing any 
output power. 1 his explains the fact that for very high frequency work 
sufficiently high plate voltage is to be provided if much output is expected. 
Any carrier of positive or negative charges is known as an ion. Like 
an electron, it can be made to move when either electric or electric; and 
magnetic fields act upon it. The positive ion has at least one positive 
elementary charge and appears to occur always with an actual mass, 
which for the case of a positive hydrogen ion is about eighteen hundred 
times the apparent mass of an electron not moving much faster than 
a bout one-fifth o f the velocity of light. The negative ion is either a pure 

or drowns out altogether the sound to be detected. The energy to be amplified must 
therefore be greater than that due to the Schrott effect and must be supplied at the 
T-ate of 10~ 1(1 watt at least. 
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electron or an electron bound to a neutral particle. The negative and 
positive ions produce currents in the opposite directions, since an electric 
field applied to two electrodes will attract negative ions to the anode 
and positive ions to the cathode. 'Phis is used in determining the quality 
of a vacuum of electron tubes. The volt energy of positive and negative 
ions for velocities which are not very high can be calculated according 
to (7(1) by means of 


yj'Z X 


HP * E 
m 


cm/see (volt-vclocity rotation for ions) 


(72) 


where q/m now denotes the charge to mass ratio of the ion, E the voltage, 
and r the velocity. In this formula y is in coulombs and would Is; 
— 1.592 X 10 for a negative ion containing one electron, in is the mass 
of the ion in grams, and E is in volts. 

An understanding of ionisation in gases is needed for the phenomena 
which take place inside electron tubes or which occur when electro¬ 
magnetic waves pass through the ionized layer of the upper atmosphere. 
Electrons can move freely only in a gas where the pressure is low and the 
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When the mean free path between gas molecules is very small, as, for 
instance, in the ordinary atmosphere near the surface of the earth, ioniza¬ 
tion can take place only when the electric-field strength is chosen corre¬ 
spondingly high. This is the reason why it requires a high voltage ft, 
produce a spark across an air gap, while for a neon lamp the glow due 
to ionization appears with ordinary voltages, sometimes as low a* 00 
volts between electrodes. Since, according to Eq. (70), 


E 


Y 


ionisation voltage (potential) 


am 


the ionization potential is defined as the ratio of ionisation energy to the 
charge of the electron. According to the above examples, its magnitude 
differs with the type of atom, some atoms requiring two to three t imes as 
much energy in the impact as others. The kinetic energy which an 
electron acquires in free passage between points with a difference of i 
volt is about 1.59 X 10" u erg, and ionisation potentials of If) volts 
require about 1.59 X 10~ 10 erg to separate an electron from an atom. 
When the voltage applied is less than the Ionisation potential, the electron 
will be displaced in the atom to a location of higher potential energy. 
When it returns to its original position, the absorbed energy is used to 
liberate electromagnetic waves which are characteristic to the atom itself. 
For monatomic gases ionization takes place in such a way that the libera¬ 
tion of one electron leaves a positive ion behind and these positive Ions 
and the free electrons may be regarded as the primary sources of the 
ionized gas. In addition to this, negative Sons may be formed by the 
recombination of the electrons with neutral atoms. For roultiatomie 
gases, for which the molecule is made up of several atoms, flu* molecule* 

generally break up at first into atoms and the process of the latter is as 

above. But it can also happen that molecule ions are created, for which 
the entire molecule either loses or gains an electron. When electrode* 
are used to which higher voltages are applied the respective Ion* move 
toward the electrode of opposite polarity. During their motion they 
are accelerated and, when the distance between elect twins is more than 
the mean free path 1 (given by the pressure and kind of the git*), the ion* 
must collide with neutral gas particles. If the impact to sufficiently 
violent, an electron is either knocked off entirely or moved to a larger 
orbit. For the latter case, it will return again anti produce an electro¬ 
magnetic radiation which is either visible or in the ultra visible band. 


1 For atmospheric pressure it is only 10'* cm. If the distance between the cathode 
and the plate of an electron tube is 0.5 otn, the vacuum must ba high. Assuming 
that only one out of every 1000 electrons passing to the plate collides wit h a molecule 
of the gas, the pressure neoemary is,, - IO-»/0.» X 10* - 2 X 10”• atm correspond- 
ing to 1.52 X 10- mm. of mercury. In the design of tubes the vacuum factor should 
bo higher yet, about 10“*, that is, only one electron collide* for every lm.Otm ctcrtnms 
flowing to the anode. 
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Ionization can aim be brought about by electromagnetic waves of 
wry high frequency, such jus ultra-violet rays and X-rays. Calling W 
the energy received by it molecule or an atom when such ultra high-fre¬ 
quency waves affect it, one has, according to Planck's law 

W - hf ergs (74) 

where / denote* the frequency of the exciting vibration and h « 6.55 X 
10 97 erg-see is known iu» the Planck constant. Assuming that the whole 
energy of the incident light of frequency/is given to a single electron in 
thfgas particle, the electron leaves the atom with the energy 

Hm»« - hf- Wo (75) 

where tt'o denotes the energy 1 lost by the electron in order to escape from 
the atom. Hence, when K denotes the positive potential in c.s. c.g.s. 
units, which is just sufficient to prevent the discharge of the electron 
from the atom, the Einstein-Planck law (1005) 

Eg - >$»*»* - hf - W a (76) 

Now, if Wt is the energy needed to release the first electron from the 
atom, 

W, - hf (77) 

1 Since we are, in the above cane, interested only in the photoelectric effect, that 

if. in the effect of light especially In the ultra-violet range, the following may be said 

with respect to the classical theory of light. According to the classical theory, the 
energy of the absorbed light would not be h J m in Eq. (75) but proportional to the 
square of the amplitude of the Incident tight mid to the square of its frequency which 
cannot be checked experimentally. But the Emstoln-Platwk relation (]Sq. (7fi)J has 
been experimentally confirmed and shows that the intensity of the incident light 
affects only the number of electrons liberated, not their velocity », 

When dealing with such effects the “dualism" in theoretical physics plays a 
pert, since when dealing with frequencies of radiation it is convenient to use the wave 

theory but when dealing with the interaction of radiation and matter it seems better 

to assume the radiant energy constituted of photons. This means elementary quanta 
traveling in straight line* and obeying the laws of geometrical optics. If the mecha¬ 
nism of production of spectral lines would be an ordinary linear oscillator, the classical 
theory of electrodynamics would require that the frequencies of the lines follow the !»w 
of harmonies which is 

* / ■ Pfi 

if /, denotes the fundamental frequency and p any Integer. But spectroscopy shows 
that each line in the spectrum, for instance, of an element such as sodium, is repre¬ 
sented ns thi« difference between two terms given by the relation 



The constants a and h/p* denote, therefore, energy levels, since IK, and IF/ are the 
energies in the initial end final states. Cases of this type make use of the postulates 
of Bohr aud more recent mlvunces make use of the “matrix calculus" (Born, Jordan, 
Pauli. Heh. nlx rg, and others). 
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Comparing this with (74) shows that 14' must be at leant equal to or 
larger than W i in order to literate an electron and produce ionization. 
For helium the ionization potential is about 25 volts, anti the energy in 
joules Wi = qE = 1.592 X 10~ 19 X 25 joules, sinoe the charge of the 
electron is 1.592 X 10~ 19 coulomb. But 1 watt *» HF erg -see; hence 
Wi = 4 X 10~ u erg. Putting this in Eq. (77) gives u frequency of 
about 

• 4 X 10“ 11 

655 X7(R “ 61 X 10,4 eyolee/aec 

Hence only ultra-violet light can literate an electron from (he helium 
atom and cause ionization. Roentgen rays correspond to » si ill higher 
frequency and can be used as a very active agent to ionise gnw**. 

When an electron collides with a gas atom with InsuiHeicnt *j>ml to 
produce ionization, the electron of the atom is at first displaced to another 
orbit of energy level W n instead of the orbit of the normal level If, which 
it occupied before and, when falling back, gives off the energy in the form 
of electromagnetic radiation of frequency / according to 

qBr-hf-Wn-Wt am 

where E r is known as the radiation potential. All atoms have many 
characteristic frequencies. These frequencies form the well-known lute 
spectra of a gas and the blue glow of improperly exhausted electron lute* 
is due to it. If the corresponding wave length X - e/f in espresmf in 
Angstrom units, for the radiation potential, 

ft 



12,544 

A 


mm 


where E r is in volts. For the hydrogen atom it is 10.15 volt*, for the 
H a molecule 11.57, for the helium atom 21.12, for the neon atom m.if, for 
the argon atom 11.5, and for the mercury atom 4.00 volts. E, denotes, 
therefore, the anode potential which is juat sufficient to oauar the atom to 
radiate a spectrum line. These resonance radiations, which may Is* due 
either to electronic bombardment, of insufficient speed fur mmz.it ton or to 
electromagnetic waves of very high frequency, own product- ionium ton 
indirectly. Thus, when a blue glow occurs due to this effect , some of f he 
electrons may be far enough displaced from the atom to produce » con¬ 
vection current, or the ultra-violet rays may he sufficient to iottitm any 
mercury vapor that is left in a vacuum tube. 

According to Poisson'* equation for the potential E at «»y point in 
space, 
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when* Ntiji » Q , denotes the positive and AV/a ** the negative space 
charges for N , {stsitive ions and N a electrons per cubic centimeter. 
Strictly, Kq. (79) reads 


- 


i a*A’ 
e*W 


— farp 


(79 a) 


I jff* 

where ^ ^ refers to the propagation of the potential with velocity c 

through the gap between the electrodes. But the square of the time for 
the electromagnetic wave motion is negligible to the time square taken 
for the electrons to pass across the space, For good electron tubes 
p « ~(h. Now, when an electric field is produced between two parallel 
electrodes, the current / passing across the space between the electrodes 
increases at first ns the voltage applied to the electrodes is increased, 
since the velocity of the ions increases. From a certain voltage on, no 
increase of current takes place for quite an increase of voltage, since the 
ions pass to the electrodes as fast as they are formed. If the ionising 
agent is the hot cathode of an electron tube, the saturation current 
could be increased by increasing the temperature of the cathode. But 
there are always gas molecules present in a tube and it is necessary not 
to increase the supply of the primary source but to go up in applied 

* . » 4* * ft I * ant '1 t M f ft ft h * 
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any distance along the X-axis for points between the electrodes for which 
the potential E is given by 


dKB 

da; 2 


(80) 


== — 4x(Qi — Qsi) for positive ions and electrons ) 

= 4 x ^2 = — 4 irp for a pure electron discharge ) 

In this result it is assumed that each electrode is an equipotential surface. 
Applying this to a properly evacuated electron tube with plane electrodes, 
where one electrode has zero potential everywhere and emits N electrons 
per square centimeter with an initial velocity v 0 cm/sec, and the other 
electrode, is again an equipotential plane but of higher potential, then 
one has, according to Eq. (70), the energy relation 

EQ 2 = ENq = - «o 2 ] (81) 

if v denotes the velocity at any place x of potential E with respect to the 
electrode which emits the electrons of mass m and charge q. Because of 
the current density 

I = —pv 

since there is a flow of negative charge, from Eqs. (80) and (81), 

d^E = 4x .T = 4x7 

dx 2 v I , , 

, X" + 

Neglecting the initial velocity of the electrons, one obtains for the current 
density of the electron current between the plates 

/ = (83) 


2qE 

m 


(82) 


H*r l m 
q \2i q 

where d denotes the distance between the electrodes and E the positive 
potential applied to the plane electrode which receives the electrons from 
the other plate which is at zero potential. 

With respect to the ionization of the upper atmosphere which may 
be due to the corpuscular electron emission of the sun—to its ultra-violet 
radiation as well as cosmic rays—the following is added. Electromag¬ 
netic waves passing through an ionized space cause ions to vibrate 
according to the frequency of the exciting current which produces the 
waves. The oscillating ions must therefore contribute to the electric 
current and the Maxwellian equation for the magnetic- and electric-field 
vectors H and S must be changed to the form 


Curl 77 = 


k 38 , 

c 2 H + 


4xX<4 S 


(84) 


Maxwellian 

displacement 

component 


due to ions of 
charge q 
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if X denotes * hi* number of ion* per cubic cent imeter,«the displacement of 
.wh Urn from its original position, c - 3 X 10»> cm/seo - the velocity of 
Imht and * the dielectric constant. The second term is therefore 4w q 2 v 
if V stand* h-r the geometric sum of nil field velocities per unit volume. 
T1, ‘* average effect of the motions of the ions due to thermal agitation 
cancels out. If the permeability * is also taken into account, 


Curl F, • -i 


Curl // • ~ -- + 4jr./2t> 


ir therefor., a plane electromagnetic wave moves in the x direction, the 
equation of motion is 

_ m , . B . _ . 

|J*- • J| jjjji + *xt*. H (qXi<) (89) 


if »ll collisions arc assumed inelastic. Since the permeability of the 
ionised layer of the atmosphere remains unchanged and the dielectric 
constant *„ alone changes, for the phase velocity one finds tf • a/y/Z 
Hmv f* « 1, The phase velocity c' is greater than the velocity r of light. 
The phase velocity a # must la* distinguished from the group velocity r", 
*h»c«’ r' is the speed at which an infinitely long sinusoidal wave train 
travels through an Ionised medium, it can Ik* shown that the group 
velocity with which the energy of the wave is transmitted through an 
ionized gas is r” • c\/*«» which means that it becomes aero when the 
value of the effective dielectric constant vanishes. Hence for *„ * (f 
the ionized layer cannot transmit the particular electromagnetic wave, 
itiee the ions are excited with their natural frequency and attain maxi* 
mum amplitude of vibration. Under such conditions they will collide 
wiih moiMoiiee and give up the energy obtained from the electrotiutgneUo 


if no collisions take place, 
constant becomes 


But if the Ions collide p times per second, this 
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wave. If it is assumed that electrons vibra'te only (they are the easiest 
ones to be moved), for the case of no collisions one finds, for k, = 0, the 
resonance frequency of the electron to be f 0 = qy/N/rm =8.98 y/N 
kc/sec, which for N = 10 6 electrons/cc gives 2840 kc/sec. Hence, when 
the frequency f 0 is found by means of the selective absorption of the 
corresponding electromagnetic wave, the number of electrons per cubic 
centimeter can be computed. When a magnetic field of H gauss also 
acts, assuming that the magnetic field of the wave is negligible in com¬ 
parison to it, the resonance frequency is/ 0 = 53 X 10~ 16 iT— kc/sec if the 

charge g of the ion is expressed in e.s. c.g.s. units and its mass in grams. 
For an electromagnetic wave passing through an ionized gas of hydrogen 
ions and field strength of H = 0.5 gauss, there would be a resonance 
frequency of the ions of only 775 cycles/sec, while for electrons having a 
mass of about eighteen hundred times lighter it would be / 0 ® 1395 
kc/sec. The above field strength corresponds tto about the magnitude of 
the earth's magnetic field. 

12. Electron-tube Relations.—The modified Richardson equation for 
the saturation current i 8 is 

i a = SATh kT (89) 

where S denotes the surface of the hot cathode in square centimeters, 
the electronic charge q = 1.592 X 10~ 19 coulomb, the Boltzmann constant 
Jc = 1.372 X 10~ 16 erg/deg (also known as the “molecular gas constant”), 
T the absolute temperature of the hot cathode, and $ = 8.62 X 10“ 6 B 
volt, the volt equivalent of the work to free the electrons from the cathode. 
The quantity $ is also known as “Richardson's work function” and as a 
rule its value is smaller, the larger the atomic number. The quantity 
B is known as the “electron affinity.” ’ For tungsten, B sss 52.6 X 10‘ 
and $ = 4.53 volts; for molybdenum, B = 50 X 10 3 and $ = 4.31 volts; 
for thorium, B = 34.1 X 10 3 and $ = 2.94 volts; while for platinum, 
B = 62.7 X 10 3 and <$ = 5.4 volts. If the above Richardson equation 
for the total electron emission for each square centimeter of hot-cathode 
surface is written in the logarithmic form, 

logxo i. = logio A + 2 logic T - 5040? (90) 

since = 11,600^. This equation can be solved graphically by 

plotting the sloping T lines for a fixed absolute temperature against the 
work function. 

According to C. D. Child, I. Langmuir, and W. Schottky, the space 
current i for electrodes of any form follows the three-halves-power law 
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with respect to the volume «; that la, i - kte l & . Generally, it, may tat 

mid that 

» - AV* (91) 

cxpreesea the current voltage relation for any portion of the character¬ 
istic. The value of m is about 2 for the lower portion, and l for the 
straight middle portion. For the upper region of certain tubes m *» 1.5 
if (he effect of saturation is neglected. The dal it- resistance H,, of a tube 
for n certain voltage e is «/» and, for a portable anode potential e, the 
rh/mmic resistant* r p becomes 


r» 


dr Ii„ 

M " m 


The dynamic resistance r„ is therefore smaller than the direct-current 
resistance as long m m > 1. The experiment shows that for aero 
cold-eleetrode potential (• — 0), a small space current still exists and 
that a small space current exists even for small negative values of $. 
The reason for this is that the electron evaporation from the surface of 
the hot enthtata follows the Maxwellian velocity-distribution law. 
Hence, electrons with a temperature velocity greater than the velocity 

r> » dm* to the applied electric field (~#/d), where d denotes 

the electrode spacing, reach the cold electrode and constitute a space 
current i, « —f. The emission current for negative eold-eleetrode 
potentiate « then follows the equation 

i m yt~!t m »>" fWWW ( 92 ) 

since 7 * I M2 X 10 "coulomb, k - 1.373 X 10-‘* erg/deg * 1.372 X 
id ** x 10 1 watt. Tim quantity t, again denotes the saturation current 
and T the absolute temperature of the hot cathode. The quantity 
8.6 X lb *T corresponds to the ©mission velocity in volte. For tungsten, 
T is about equal to 2800* K and the above expression reduces to * « 
i,| * -jftdl'. I leuee, for a total emission current i, - 22.6 ma for a negative 
plate potential * » -*2 volts, m find i - 10~* ma. 

If a grid ia inserted between the hot cathode and the anode, for the 
grid ciinrent /„ anode current /„ for E, anti E p as grid and plate potentiate, 
the relation is 

u + h - *’M + &*) m - («»> 

where E may be considered as lumped tub® potential wit h respect, to 
the h«t cathode. It is evident that K, then denotee pmctlcally the 
reciprocal of the static Internal plat# mtietane® of the tub®, sine® the 
grid current of properly operating tubes ia negligible. 
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When variable potentials act on the electrodes, the dynamic resist¬ 
ance r p of the plate is given by de v /di v if e p and i v stand for the variabl 
plate potential and current, respectively. If e g denotes the variable 
potential producing the variations i p and e p , respectively, the dynar 
mutual conductance g m over the grid is di p /de g , while its static valu< 
Gm is Ip/Eg. 

A basic relation for amplifier measurements is 


-vr = A* 

OCn 


(9 


where y denotes the amplification factor of the tube. 

Interelectrode capacitances play an important part. For an ordir 
three-element electron tube there are the grid-plate capacitance 
grid-filament capacitance C gfj and the plate-filament capacitance C P f, 
the last being the least important since it shunts the internal as well as 
the external plate circuit. The grid-plate capacitance is the most 
important one because by means of it any action in the external plat^ 
branch can be fed back into the grid branch, thus making the tube, to a 
certain extent, a reversible four-pole if the grid-filament terminals are 
coiisidered the two input poles and the plate-filament terminals tfcft 
output poles. The total capacitances 

Co P + c 0f = C g ) C gp + C pf = C of + Cpf = Cy 

give the grid, plate, and filament capacitance, respectively. It , 
customary to measure the direct capacitances when the filament 
not burning. If the filament were heated for the corresponding ct 
q and potentials e, one would have 


~ d(?p . p _ dq P ' „ 




de g ’~ P0 de p 


p _ dq g e 

One must then distinguish between a grid-pla^e and a plate-grid cap 
tance. If the filament is not heated, ther direct capacitances for ordir 
receiving tubes is only a few micromicrofarads. For a 201A tube 
its equivalent, for instance, C gf = 5.8, C gp = 10.1, and C pf = 6.1 
The measurement can be carried on as follows. The grid and plate 
connected together and the capacitance (C f = C gf + C pf ) measured fi 
grid to filament. When the filament and grid are connected together i 
the capacitance between the filament and plate is measured, C p = C gp 
C P f. For the filament and plate connected, the capacitance measi 
between filament and grid yields C g = C gf + C gp . From these measi 
ments may be computed 

Cgf = 0 .5[Cy -f Cg — C p ]; Cg P = 0.5[C P + C g — C f ]; 

C pf = 0.5 [C f + C p ~ C 0 ] (95) 
Other determinations are found among tube measurements. 
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13. Notes on Shielding. 1 —Amplifiers and other high-frequency 
apparatus require careful shielding as well as grounding. Thus the 
compartment in which careful high-frequency measurements are to 
be made should be completely surrounded by a copper screen which in 
a spacing of about 5 cm should be completely surrounded by another 
copper screen, grounded and connected at one point to the inside screen. 
This point can then be used to bring the grounded connection of the high- 
frequency source into the compartment. Metal walls with dimensions 
large compared with the wave length must be used to screen off electro¬ 
magnetic waves.- If p denotes the reflection ability of metals of specific 
conductivity <r, according to Planck at any frequency /, 


P= 1 - 


- Wf/c 

.c 


with c as the velocity of light. The absorption ability is then ~ 

that is, equal to (1 — p). A copper shield as thin as 0.01 mm acts 
toward electromagnetic waves in the megacycle range practically as a 
mirror, while for long electromagnetic waves corresponding to the 
audio-frequency range, the copper plate shield must be about 1 cm 
thick, since the thickness necessary to act as a screen decreases pro¬ 
portionally inversely as the square-root value of the frequency. 

Since in a high-frequency laboratory there are pick-ups due to tho 
electromagnetic wave directly and pick-ups due to electric and magnetic 
fields, respectively, it is important to distinguish between the action 
due to the association of the electric and magnetic fields constituting 
an electromagnetic wave and the effects of electric and magnetic fields 
themselves. In Gaussian units for £ = electric field, H - magnetic 
field, I = current density, p = volume density of charge, 6 = velocity 
of light, v = velocity of electron, andF = the force acting on the electron, 
the Lorentzian equations 


4rl -|- 


dS , T r SH 

c curl H] —— = c curl £; div S 
“ £ —(- 


dt 
and F 

total force 


4irp; div II ■> 0; 


electric driving 
_ fore© on electron 
in direction with £ 



( 96 ) 


magnetic driving 
fore© act© only when 

electron is in inotion and ia perpendicular 
to both the direction of motion and M 


from the force equation it is evident that for a thin vertical wire (antenna), 
the current, that is, the electron flow, occurs only along the wire (up and 

1 Barfield, R. H., /. Imt. Elec. Eng. (London), 12, 249, 1924; J. H. Moiiisottomr 

no m,n U n B v’ S™ U f'V’ 1925 = G W ' Sown, Exptl. Wmkm, 7, ST, 
179, 19.10; o. R. Englttod, Exptl. Wireless, 7, 204, 1930, 
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down), since the vector product # X ff/t haa only an effect of * r-n-i,| ( i )J{ 
the electrons somewhat to one aide of the wire. Therefore it *». *> 
that, the magnetic effect of the electromagnetic wave never pr«>dt*<»« 
a driving voltage in the vertical wire. Hence, a dUekilng with «-|«<, 
to the magnetic effect would, at first, not aeetn of value for msm» j,„ f> 
pores. But from the other equation* It to evident that the varying 
magnetie flux - dft/m must be areodated with an etoetrir field whir), 
nets in turn on the electron*. For an arriving e.m. **w the rereeidtig 
therefore, changm the relation between 8 and it in the wave outMdr the 
screen only, since it ia not powdble to have 8 within tin* aeteen without if 
If JB 41 and JH ds detiote the line and surf tree integral* *4 the etectri©. 
and magnetic-field vectors, respectively, 


- - ejeuri 8d« • «J*f 


since, according to the Stake* theorem the ttm integral Jisd t of a vector 
field around a dored curve in numerically the aunt m the tmfmm integral 
/ curl e rf« of the curl of the mine vector taken over an# surface bounded 
by this curve. Therefore If the doeed curve doe# not vary with Mm#, 
from ( 97 ) the line integral c/fidf around the fixed ekmed curve, that to, the 
entire induced voltage (in man of a receiver) la numerically equ.,1 lo 

-|J H<k, that la, to the negative rate of change of tire total magneto# 

flux passing through the jwrfaee, Mine# it to immaterial whether the 
voltapj induced in a conductor by an arriving e.m. wave to computed by 
mtmni of the magnetic or by meant of the elect m Ml of the wave, Mom 
three two field veotore are afar#* mmekki with each other, 

What thru happen* in a screened apace to a* foilowa Knppare <%*nmt 
wire* or a mmh of aueh wire* »«* anaaged around a cagp, There to then 
sn ctootiMtiitlQ mvow wiildi sittrt form a fhwrotayiiitifi ttw g*%* t v 
line component which to not closed on Itna^tH 
force which can atari out on a conductor and Mid on a conductor Bui 
t he screen cannot readily atop atoned or rotary atoatrto Ml*. Ttrev mm 
through the openings and crack* and affect an amplifier, etc , within Mr 
screen. I he rotary eleetrie field* which are afwap# sawiM with Mr 
magnet icfleld* in the retire numerical proportion can h# kept away from 
an amplifier or some other apparatus only when they are surrounded u 
a mmpteMy closed envelope. 11 to thua ereenttol that tire metal 
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perfect shielding any current flow in A should not induce any voltage 
across coil B. If Ei denotes the induced voltage across coil B if no shield 
is present, and E % the induced voltage with a shield interposed and the 
same current of unchanged frequency flows through cod A as without 
shield, then 

jEm — jEj 

S = — Wl 100 08 ) 

denotes the percentage shielding of coil B, since the mutual inductance 
between the two coils is proportional to the voltage induced across coil B. 
When an ordinary copper mesh is used, as a rule, very little shielding is 
o tained, while a copper mesh. with, a soldered border about 1 cm wide acts 
as a fairly good shield. A solid copper plate is best, since the resistance 
to the induced eddy currents is lowest. Therefore, it is essential that, 
when shielding is due to eddy currents, their flow should be along a low- 
resistance path. It is therefore of no advantage to cut narrow slits 
diametrically across the effective shielding area or use shielding material 
o ow specific conductivity. Therefore, when .different stages of ampli¬ 
fiers are to be shielded from each other, the 
covers of the boxes should make good contact with 
the rest of the box. 

The shielding effect of a coil is shown in Fig. 

19. Suppose coil Li carries a high-frequency cur¬ 
rent of instantaneous value it producing the mag¬ 
netic flux <p which parses perpendicularly to the 
planes of the turns of the shielding coil L, and the cod L 2 to be shielded. 
Cod L s has N 9 turns, each one of area A 9} and coil L 2 is designated by AT 2 
and A*. If each coil were in the magnetic field alone, the voltages e 9 - 
A^Nsdcp/dt and e 2 = A 2 N 2 d<p/dt would be induced in the respective coils. 
Coil L a is closed through a load impedance Z which also includes the 
effective resistance of L* and L„ short-circuited so that only the resistance 
R, of the coil itself is effective. For the mutual inductance M acting 
between L, and L 2 'and n = djdt = j», 

e * = + Rd* + nMii) e 2 = nLdu +• Zi%. -f nMi. 

Eliminating i, from these two relations, for Z, = nL, + R„ 
e 2 nL 2 i 2 — Z i% _ e a — uMi 2 

~ X 


r T n 2 M 2 l. , „ 4 
- nL 2 -g,— \i 2 -f- Z (99) 

effective impedance voltage drop 
when across load 
shielding coil is 
present 


or 


e% - 


nM 


nM 

w e 


induced decrease in 
voltage across 
without Li due to 

shielding coil L> shielding coil X, 


-'“Flux y*$ e nt 



Fig. 19.—Shielding l>e~ 
tween two coils. 



46 


n nmmwuBsc y mb a bubkmkxtb 


From this result it ran l* wen that the shielding coll iffodiMei * 
effective ini lured *.«/. acmes coil / 4 and aJ*i the »»«»•. fa .,t 

therirniit, Nincf a n'lltiHi- •• * > • .4 »•/ 

occur** when no voltage i# induced at all, that is, when 

nM „ 

f* “ ■ y *, » 0 


nM A%N% 

X * A.X (,00) 

Hence, for complete screening, the ratio of the transfer iMetanoe «.W i# 
th© total impedance of the dosed shielding poll ntuat be equal to the 
ratio of the turn-area product of the ©oil to be shielded to that of i(m 
shielding coil. Wien for a short-ci milled ditelding eoU the reaistaiuw H, 
is neglected in comparison to the reactance *(#, and the coupling factor 
k — M/vUt between, the shielding aad »>»• -i *•- : 

in (100), the theoretical condition of the complete shielding become* 


. d».v, az 
my a 


CI00«) 


Hence, a* far aa the driving voltage only la wneerned, the degree of 
shielding can be obtained from (09) by taking the ratio of voltage mine, 
tlon eoroee L%, due to shielding, to the voltage without ditchling ami 
expressed In percentage It becomes 

«S mm ,, B1 , 

8 m ..XeT < 10 *) 

whtiw 8 la in percentage. Hence for a negligible rMtsUnce If, of« abort- 
oireulted shielding «t»ll E , « nL, and 

a ICOMAJf, lt*$ AJi t ,. .. . 

.1 -.- HNh^ c JU^T ClOla) 

when* fl I* in percentage. Therefore when l % and /„ are Idsettkal ©A 
fd, *■ A§, N» m AT*, It «■ 4*)» the percentage shielding to propwltonal 
to t lit* coupling coefficient between shielding will and e*4I to be shlrbliai 
A eompleto shielding with eoila aide by aide then seems pr***»tea«y 
impossible since » would have to be unity; that ia, M * L, • t*. How 
if L» m well «* /, t each consist of a single turn of the same dimension and 
art* placed so dose to each other that « - 0 4 which is practical, then 
*S ■» -to per cent. Hence still 00 per cent of the voltage * which would 
1k ’ Hmm r '* without shielding is still passed on toward il..» .* .1 

and would Is* effective across it if l n would remain constant Itot 
according to (99), the shielding eoii also 4mrmm$ the effect.,.- „.,i 
rmrlmw of l, t by the amount 

TT* «£. X. 
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*-(«»*»• t in* j factor in n * jw is of no concern in this analysis. Hence the 

i !l»*cUve coil reactance b only 

X”. " «(l — **\Lt (102) 

« Hid* in title particular example fives 0.84«/,,. According to (99) and 
Fig H». * denotes the load impedance, and the load current u of the 
circuit to he shielded, », - 0.8*,/#. The voltage effective across the 

reduced value of L% then becomes 

* _ 4 . v ®.804«£n«, 

For no shielding coil, load current and voltage are 
t* • 9 g and «»' - i t X% - 

The <#«efw* shielding, taking both change in voltage and change in L% 

into account, is then 



ooeffident * between the shield toward fju> coil 
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where 


It, * H\ *♦* AM% 

L, - Li - AU - L.U - «’ •in* *1 

| 

4 - sjqrro - irttOT? ^ * j 

iln f ^ 
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Since 0 depends upon the frequency jf and the thickness t of the cylinder 
for a given material which should have a high specific conductivity a, 
it can be seen that for the high-frequency range for which / is large and 
thicknesses t which are not unreasonably small (t several millimeters), 
the approximation formula Ri/Ra = 0 holds (0 h 2.5). This is a linear 
law and, since the direct-current resistance increases proportionally 
inversely with the thickness, for a certain frequency the high-frequency 
resistance Z ?2 remains constant. Hence, by putting 0 Si 2.5, the mini¬ 
mum thickness t can he computed for any particular frequency. Using 
the value 0=3, one has 0 = kt = 3 and for / = 1000 kc/sec, and copper 
(<r = 59 X 10-® sec/cm 2 ) 

t = _J* =- t . .. J asaeM asas r = 0.0197 cm 

2xvV 2r\/59 X 10" 5 X 10 6 

that is, about a thickness of 0.2 mm is sufficient. 

It should be remembered that for the increase AR 2 due to the reflected 
portion of the high-frequency resistance of the shielding box, the phase 
angle ip [Eq. (104)] enters in the form of sin 2 ip. Hence, when the dimen¬ 
sions and the material of the shielding cylinder are fixed, the increase 
in coil damping due to shielding is proportional to i? 2 sin 2 \p leading to 
a maximum increase if R% = ooL 2 . From (104) it can also b© seen that 
this condition corresponds to a maximum reduction of the coil inductance. 
For this condition the shielding cylinder and the coil to be shielded are 
matched with respect to energy transfer as well as to shielding. When 
Rzis increased by means of poor joints so that i2 2 > uL% } the back action 
of the cylinder on Li and R% is less pronounced. The effective coll 
resistance JR f decreases somewhat but with it also th© shielding action. 
When the shielding cylinder of about the same length as the coil is cut 
along its length, R% becomes <*> f and no appreciable shielding exists* 

When the coil tq be shielded is completely enclosed (also at the end 
faces of the coil), the reflected resistance is much larger. The cylinder 
should then he made not much shortef than about 1.5 times the length 
of the coil. 



CHAPTER II 


HIGH-FREQUENCY SOURCES AND OTHER USEFUL 
LABORATORY APPARATUS 


For satisfactory work the unmodulated high-frequency current of 
a source should have a good wave form, except for frequency tests where 
a high harmonic content is of advantage. The high-frequency source 
should be properly shielded and grounded and so designed that the load 
current flowing into the measuring system cannot react back to produce 
changes in supply voltage and frequency. It is best to design a high- 
frequency source to meet the needs of a particular test and frequency 
range, although for many measurements simple tube generators of the 
type described in the next section seem satisfactory. For. receiver tests, 
signal generators are now commercially available. The testing equip¬ 


ment consists essentially of six parts. An audio-frequency generator 
(1) feeds into a high-frequency generator (2) to bring about the desired 
degree of modulation. The modulated high-frequency current works 
through an attenuator into an artificial antenna (3), into the test receiver 
(4), output meter (5), and a speaker (6). The output impedance of the 

f generator should not exceed 2 ohms and the out** 

— 6v "1 put voltage should be adjustable from about I to 

~] t _„ 200,000 /w. Very careful shielding is essential. 

\s, _ A * !S ^a 14. Useful Laboratory Generators. — (For 

W s'tt o > r —- normal frequency, 25 to 2000 kc/sec and output 
u ' r ±y f range.) An oscillator of the Hartley type, as a 

rule, is satisfactory for laboratory work. A pur® 

_ «/ 1 wave form is then obtained by tuning a step-over 

Mpt resonator ( C-L circuit) loosely coupled to the 

Fl<3 * generator”* 60 ' tube osci ^ ator or employing a shield-grid amplifier and 
genera or. an output tube with a plate circuit which is tuned 

to the fundamental frequency. The circuit shown in Fig. 20 holds for fixed- 
supply voltages and the frequency calibration is constant within a small 


percentage. A frequency range from the audio-frequency end up to 5000 
kc/sec can be readily covered by using interchangeable coils and a straight- 
line frequency condenser of about 0.001 4 to change the frequency within 
the range. If a 0.001-/A condenser is not available, a 0.0005-/A condenser 
will do. It is then of advantage to have a calibration sheet with the rough 
frequency values for various condenser settings right on the coil. The grid- 
current meter can be shunted by means of switch Si and when used is a ready 
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means of indicating when another circuit is tuned to the generator. A grid- 
current dip is then noted when the coupling is not too close and not too 
loose. Too close a coupling produces the “drawing” effect which is not 
desirable in measurement work. When a frequency meter is then coupled 
to the oscillator instead of the circuit, the accurate frequency is found for 
the same grid-dip indication. The rough calibration is therefore satis¬ 
factory for locating the setting approximately and the frequency meter 
gives the frequency accurately. It will be found that the grid dip 
can still be noted even when the frequency meter is coupled so loosely 
to the generator that the indicator of the frequency meter hardly registers. 
The reaction between the oscillator and frequency meter is therefore 
very small. The phones in the filament returns can also be used to 
note the resonance setting of a coupled resonator by means of a dick. 
This type of indication is still more sensitive than the grid-dip method. 
This is followed up in detail on page 173. A parallel-plate feed is not 
advisable when covering a very wide range, since the high-frequency 



Ifxa. % l laboratory 

choke will act unsatisfactorily for the extremes of the range. However, 
when an oscillator is to be used for the broadcast range only (500 to 
1500 kc/sec), a fixed parallel-plate feed can be used without any difficulty. 

Figure 21 shows a laboratory oscillator with a somewhat tetter 
frequency constancy. The values for the grid leak and grid condenser 
indicated in the figure and a small fixed condenser Cq of about 50 ggf 
make the frequency but little dependent on the supply voltages (of A 
and B batteries). C denotes a straight-line frequency condenser of 
about 0.001 p.f maximum setting. The coil across the grid and the plate 
of the tube is of about 85 gh when the frequency band of the broadcast 
range is to be covered. 

Figure 22 shows a circuit by means of which the high frequency can 
be modulated to any degree by means of an audio-frequency souree of 
adjustable voltage and frequency. Such expedients are required when 
testing receiving sets and the like. It is then test to work with small B 
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voltages (not much higher than 90 volts) in order to keep the radio-: 
frequency voltages low. The modulated high-frequency current is then 
connected to either a potentiometer, a mutual inductance, or a suitable 
attenuation box in order to produce the small voltage needed for the 
input terminals of the set. The attenuator which is indicated is a 
constant-impedance type with attenuation ratios 1, 10, 100, 1000, and 
10,000, and a potentiometer tap on the last shunt branch to give inter¬ 
mediate voltage values. For many measurements it may be of advantage 
to go to still more complicated circuits, where the audio generator affects 
a modulator tube and this tube, in turn, affects a tube which generates 
the high-frequency current. The best way, although most complicated, 
is to obtain the modulated high-frequency current by means of the 



Fig. 22.— Generator for receiver tests, external modulation. 

Co » 0.5/j.i; Ci - 1000/x^f; C% = O.Oljuf 

Lo » 300mh; Li ~ 30mh 

Ri « 550; R* = 6.11 G; Rz = 4950. 

modulation of a separately excited amplifier. It is. then possible to 
find a design for which practically no frequency modulation occult, 
that is, for which the carrier frequency remains fixed even though 
amplitude modulation is applied. 1 

16 . Relaxation Oscillators (Glow-discharge Tube Oscillator, Mtiith 
vibrator, Grid-leak Oscillator, Double-grid Oscillator).— By relaxation 
oscillators are meant generators of distorted currents for which the varia¬ 
tions are due to condenser charges and discharges over a resistance. As 
in the case of the second type of arc oscillations, the fundamental fre¬ 
quency cannot be found from the abridged Thomson formula since no 
inductance 2 is effective. The capacitance-resistance product is then ftj 
measure for the frequency and it should be remembered that the perioA 

1 For circuits used in certain testing laboratories, the reader is referred to the 
following articles: L. Bergman, Telefunkenztg., 7, 32, 1925; C. Ktjhlmann, Jahrb. d. 
drahtl., 26, 43, 1925; F. Gabriel, E.N.T., 4, 426, 1927; G. Rodwin and T. A. Smith, 
Proc. I.R.E., 16, 155, 1928; A. F. Van Dyck and E. T. Dickey, Proc . I.R.E., 16, 1507, 
1928; K. W. Jarvis, Proc. I.R.E. , 17, 664, 1929; C. R. Burke, Gen. Radio Experiment®, 
4, No. 10, March, 1930; C. J. Franks and Malcolm Ferris, Radio Eng., 11, 37, 1931. 

2 For the second type of arc oscillations the inductance of the shunt branch is not 
effective for that portion of the cycle for which the current is essentially constant. 
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for positive and negative loops are not necessarily of the same duration. 
Generally speaking, the frequency is all the higher the smaller the capac¬ 
itance and the smaller the resistance over which the respective condenser 
charges and discharges occur. The resultant wave shape is therefore, for 
the^ general case, unsymmetrically distorted and very rich in harmonics, 
which is a valuable feature when the harmonic generator is used for fre¬ 
quency measurements. Unlike ordinary harmonic generators, not only 
multiples of the fundamental relaxation frequency but also submultiples 1 
of a known impressed frequency / can he utilized in connection with the 
fundamental relaxation frequency, since integer submultiples, such as 
//2,//3,//4,//5, can be readily stabilized by means of a very small e.m.f. 
induced anywhere in the relaxation oscillator (for details, see Chap. Y). 
The constants of the circuit can then be varied over a wide range without 
affecting the stabilized frequency of the relaxation oscillations. 

Figure 23 indicates the simplest type of a relaxation p 
oscillator. A glow-discharge tube is employed. Acer- { 

tain critical voltage exists below which no discharge C;! Q) 1 
current through the tube can flow. Suppose the start- 
ing voltage to be 100 volts. A current I begins to flow °Vx a. 23.—o 1 ow . 
as soon as the battery reaches a voltage JEJ of 100 volts, discharges relaxation 
and by means of a protective resistance R a certain osdUator - 
current value will be reached. Because of the persistency of the ionization, 
the voltage can now be lowered somewhat below the 100 volts without 
stopping the current flow. If the value of R is chosen sufficiently high 
and the condenser C at first dispensed with, a current begins to flow again 
when a voltage of 100 volts is reached. But, if because of the IR drop the 
voltage across the tube falls below the lower critical voltage, the tube 
theoretically again turns into an infinite resistance and the current I 
becomes zero. Hereafter the upper critical tube voltage of 1.00 volts is 
again effective and ignition takes place again, and so on. The rate of the 
continuous flashes can be readily varied by connecting a variable capaci¬ 
tance C parallel to the tube and a current I will take place as indicated in 
the figure. When the value of O is large, flashes of a very low rate can be 
produced, one every minute and the like. By making C very small or 
omitting it altogether (tube capacitance only effective), a frequency in the 
high audio range (about 10 kc/sec) and, with special tubes, up into the 
short wave range can be produced. The saw-shaped current variation is 
very rich in harmonics hut of comparatively small amplitude. It can be 
increased by inserting a coil in parallel with a variable condenser in tho R 
branch and tuning to the desired frequency. For submultiple-frequency 
work the oscillator can be used as it is or with only a stage 2 of amplification 

iVan berPoi, B, Z. Hochfreq., 31, 178, 1926; 32, 114, 1927 

*Proc. 16,1076,1928. 
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.A much better relaxation oscillator is the multivibrator 1 shown in 
Fig. 24. Fundamental frequencies as high as 50 kc/sec and as low as 
about 1 cycle/min can be readily obtained. With a frequency of such 
a low order, the current and voltage variations in the different branches 
can be followed by ordinary direct-current meter readings. The circuit 
is nothing but a two-stage capacity resistance-coupled amplifier which 
feeds < back upon itself. Ri and R 2 are the respective grid leaks, C, and 





Fig. 24.-— Multi vibration and its notion. 


C 2 the coupling condensers from tube 2 to tube 1 and vice verm, and r% 
and r* the external plate resistors. A small coupling coil L is inserted 
for delivery of the oscillations to other circuits. The values of Ri and 
R 2 , for instance, may be 75,000 ohms each, and r x and r s about 50,000 
ohms each. They should be noninductive. The capacitances G\ and 
C 2 are variable, each having steps of 500, 1000, 2000, 3000, and 4000 u/t f. 



which may be connected singly or in parallel and a variable-air condemn 
qt 500 md capacitance. The range is then from 0.5 to 30 kc/sec. Figuro 
s ows a multivibrator as a harmonic generator for fundamental 
frequencies of from a few cycles per minute to about 50 kc/sec, and for 
requency submultiple work. It can also be used to produce a linear 
time axis for the cathode-ray oscillograph (Fig. 45) if the grid leak of 

tnhj^if S ! b t f d by * he plate resistance of a saturated two-element 
tube. The terminals marked “in” and “out” are for frequency sub- 

.si, S“x,2r ira ' i,o5 > iM9 '«. 
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multiple work when a small voltage taken from a constant frequency (I) 
source (piezo oscillator) is impressed across the “in" terminals and con- 
tools the fundamental frequency of the multivibrator as an exact integer 
submultiple of/. The output terminals give tie corresponding output 

tte“L“Tn/o“ T-lr " -, 1 ’ 2 - S ' ' ■ ' "P *» *>• Fox all other work 
the m and out terminals are short-circuited. 

For the performance of the multivibrator, reference is made to Fig. 

24. For simplicity, R x = R, = M> ri = r 2 = r, and (7, = C, - C t 

assumed. When the circuit is closed, it would seem that the plate 

currents *i and « 2 were equal. But experiment as well as theory proves 

that unstable equilibrium exists and one tube circuit, so to speak 

pumps against the other and vice versa. The current curves shown bn 

Fig. 24 indicate what happens. The directions of the various currents 

how aportve flow. If the efeet of the smell output coif m JtT»u* 

L“ 2 T * “ s,ec “- the gra 

e ° 1 “ Ea ~ Ri = ~ + is]; e„ t - E a - R[i i -(- 

The corresponding plate potentials are 

= Eb - ~ *'»]; «», - ~ r[i , - 4 1 

The corresponding condenser charges are therefore 

qi = C[e Ta - e e ]; ?2 = C[e p , t - e„J 

?oZX ““ Pla “' theCUrre,,tB «“ •» f—d tam the 




*'•/ e '' ,; *'■" e '. ); *'• - *K - He.., *,)■, 
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s^ost Cmrmt ^ N ™, 

email amount. Because pf the volt Pl»t« current s, mcreases by a 
becomes smaller n t " MP th “ P 1 " 1 ” «, 

*• ‘»e grid of the other ^"a j'fTThorV “* 

SfmXr r u T “ ^ 

pro.JT2r^^t1S f M a? i S ,lUtto * 1 " 0reM *- ™” 

y assert lt80lf > at the same time reducing 
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i, as t, increases until the grid potential become w» negative that 
the left, tube (i, - 0) is blocked, and the grid potential e. t become* very 
positive so that a large plate current t, is produced. Therefore it can be 
seen that any increase in plate current In one of the tube, will I- rapidly 
accelerated, and one of the condensers will be charged while the other w 
discharged. The growing plate current is limited b> i he ««tunit mi. % nliw 
of the particular tube and the corresponding grid potential Iroiiniw 
constant. But such an unaymmetrioal current equilibrium <f**r which 
one tube delivers full emission and the other aOts m an open circuit) 
cannot exist, for the assumed symmetrical network and the condenser 
charges tend to become equalised and current variation* are produced in 
the opposite direction as expressed by the above equations. 1 he dt#* 


from positive to negative 


grid condenser enn be used to pfodoeo telaxuttoii OMrittftlton*. Tit# 
frequency oscillations an* thru uiternutmm 1 i-mi hq* * >m* .» 
to tltc relaxation omlbiiimi t - % 

build up the grid-condenser charm umd die lute- i* . <*»««■•'■ 
diHchnrge hikes plaee over the grnl leak 

build up again. 'Hie high fo-qm. - • 

irorintnining the relaxation oscillation and only one tube i# needed .?**»*« 
f 


■M* | 

I ’ 
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down transformer, and small signal voltages of known strength are to be 
produced. It is then essential to know to what extent the ratio of 
transformation depends upon the turn ratio and how to design such 
normal mutual inductances, 1 Suppose there is an air transformer of 
primary inductance L\ and resistance R u feeding into a secondary system 
of inductance Li and total resistance lit. A practical design for nn 
instrument of this type aw used in measuring large currents is shown in 
Fig. 26. The secondary coil L% is wound uniformly around a ring-shaped 


core (bakelite, for instance) with a small diameter which 
is about 2 to 8 cm and with the outside diameter from § 
to 12 cm. The primary coil L\ is made up of either one 
turn or only a few turns. The ends of the primary are 
brought in and out in opposite directions to avoid any 
inductive effect of the lead-in wires. Since the resistance 
of the primary can often be neglected, 


Y m ."’" f y 1 ’ " . .. 

1 s Jf 




(i) 



Vut. m. Cur- 
tmt tmmkmmw 
for me*»urtftg 
&W hiffh-fre- 
<itt«aey eumnts. 


and for negligible Bt 


h , U Nt 

mm SB 




turn is looped through the hole in the toroid as in F 


current 


Linokmann, /. Imtrummknk 38, 143, 1018; Jahrb. d. drahtl,, 11, i«, 1«»«* N. W. 
McImohlas, Electrician, 78, 382, 1918; G. Khinatii, Jnhtb. d. dmkll,, 11, 43 , HUM; 
<!. MoNbuta and E. ScnmAMR, Jahrb. d. drahtl. , 22, 50, 1938; D. W. Drie, S. ttmi. 
Elec. E m - (London), 63, 597, 1925; G. Anouks, Proe. t.R.E, 18, 297, *1927; V. <; 
Hmith, Erne. I.R.E., 18, 825, 1927; Q. Roowrw and T. A, Hatra, Erne, LR.g., 16. 
155 1928; It. S. Glabocw, /. Am. tn*. Eke. Eng., 47, 327, 1928; IC. Diamumd nwl 
E. Stowki.i,, Erne. I.R.E., 16, 1194, 1938; II. D. Oakum, Radio Ena., 10, 42, IfKKh 
I-. CotiKs. Electronic*, 1, 21, 1980. 
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TIh* coefficient K depends upon the Iron losses and is slightly i-n w JW 
than unity. When HHt/tdn Is small compared to unity, one has attain 


/1 
/» 



mi 


When ordinary air transformers are used for itsseivae-eslibration «<»rk» 
one again has for u low-loss secondary (H* < < (m&i)*), so that the ratio 
of transformation is, as above, 



mM - VWMt ( 0 ) 

the proper adjustment of the mutual inductance is the determining 
factor because and lh are more or km fixed. Hiiw « * 

(he inductance l t of the secondary mn be computed when C, I* J«o<mr. 
itcfcrring to the ealoulatkm of the primary inductance h, from the 
relation 


. h/Hfottft 
01* J 


1 / 67 '*' 

wirt .». k . t "t m I " 1 

fa.rr g.> JL w 

IwfljpiwPl PiS^WPPwiPrlf fw tWpiwWP 

S*i«® tniiinsl 


But st higher frequencies a dependence 
of pon the frequency may oecttr, because 
erf the capseity effects between the 
primary mid secondary turns. They 
produce a decrease of », giving s value 

* * rqfoa <*> 

Hie constant 4 depending upon the 




•1 T , A ■■ \j * I 


. 11» T * gk # * 1 » I 


can be found exprimenttOly from two mMtMronmti * and at fro* 
quencics «,/3r and m/%*, respectively, and is then given by 


* - Js-Zj «•> 

For standard mutual Inductances for receiver testing, f> roils mn be used 
to advantage (Fig. 87). When the primary roliage is kept roturtsat, 
the calibration curve for the secondary induced voltage is turmUmttf 

roroiriAMt DA _*1._ Jkt _1^__ * 


rhen 
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for the efficient of coupling, the relation - *,«, and the non- 
<lit*on that the apparent impedance of the tuned transformer must he 
equal to the effective resistance R { to which the primary is connected, 


Z 


o>*M* *VL,L t 

ht ' .If,. 

The ratio of the transformer is then given by 



Fto. 3H. Tuned 

" ---- — iihimwii m mrmw fl$ till) * 

t ime constant L/R of the coils becomes larger, circuit,. * u * 
18. Resonance Transformer in Tube Circuits.—Figure 28 gives the 
cast, for a tuned high^requeney amplifier where denotes the effective 
grid voltage acting in the plate circuit of the internal dynamic tube 
resistance r*. 1 he secondary current for any C% setting is then 


/.» 


for 


o -Fj® 


( 9 ) 


* 

0 


<&«) 


0 " + gr 4- [Af* — //|La}w») 

r ,,j uli% -f ^mLt — 1 

0Um,nt floW8 wh<m the ^ctance j& 

1 s 1 

I ' VCT» (10) 


, v Ct | /v ‘ + 5v 

relwal^/zf 0 ,,f * tub « »* compared with the coil 

resistance R % The condenser current /, for frequencies materially 

different from resonance frequency is given by the approximation 



while for resonance the oondemier current becomes 
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leading to a selectivity 


' k - L «C.j 

h r p Ri + 

and a voltage amplification 

kl — Ir/fa Cj _ —flM /<<vV 

E E C»[r 9 Ba + coW 2 ] 

The voltage amplification per stage can also be computed by using the 
ordinary formulas for the tuned air transformer and relations (6), (7), 
and (8). Therefore assuming that the time constant of the secondary 
air coil is about L 2 /R 2 = 30 X 10 -6 sec, a tube with an internal dynamic 
plate resistance r P = 10 4 ohms, and an amplification factor p, = 8, there 
is for a frequency of 10 6 cycles/sec, that is, o> = 6.28 X 10® for C s = 
0.000 1/xf from w == l/\ZCiL 2 , the secondary inductance L 2 = 2.535 X 10“ 4 
henry. The secondary-coil resistance then becomes 

p _ 2.535 X 10- 4 , 

2 " ~ 30 X 10~ 6 = 8 ' 45 ohms 

Assuming a coupling coefficient k = 40 per cent, we find from the condi- 
tion r p R 2 = co 2 M 2 or 


pi?2 — /C 2 C0 2 Z/iZ/2 


the primary inductance L x = 5.3 X 10- 
formation due to the transformer is then 


henry. The ratio ’of trans- 


—wi 


'25.35 X 10-* 
5.3 X 10-® 


that is, 5.47 times. The voltage amplification per stage is 
A- e = 0.5 up = 21.9 times 

19. Autotransformer in Tube Circuits.— A voltage change can also be 
brought about by means of autotransformers as 
I 1 1 1 r~ indica ted in Fig. 29, where p denotes the ratio of 
w^)«M= 4 -£~) partial turns to entire turns applied to the hext 
1—Xf J! tjl * ub ®- i For the upper circuit of Fig. 29 this ratio is 
x 1 an d the tuned external plate circuit acts as a 

/^XLXlT*! XX resistance L/RC, while for the lower circuit it acts 
7WY * Hi) as a resistance L/ P >RC. If E is again called the 

J_ + 1 hr} effective alternating voltage acting between grid 

Fig. 29.—Tuned auto- an d the filament of the first tube and I the corres- 
fXut™ 61 “ tube P° nd fg alternating current in the plate branch, for 
the straight position of the tube characteristic, 

t _ j U E 

~ XT ~L~ (13) 
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ordinary electromagnetic oscillograph if the high frequency 
rectified. For no modulations, the imago of the vibrator mm -,.r m if' /}*,,* 
trace a line parallel io t lit* f»»».• 
will be indicated by ili-pi.w?; 

21. Helmholtz Pendulum for the Plotting of Dfsrha.gr Phe, 

by the Point-by-pomt Metimd. ; 

lum which during it,-, half 

time interval between the momenta for which the contact* m- 
by a falling pendulum tmn he adjusted by means of a mferm 

Thus with Hu* arrangement in Kg. 90, cUaehafgM oeeurring in « t 

circuit, jw well an m funjili .l, . , 



*»•»! R 


Pin, 30. IMtnlittlu iixit.iuliiw i 

not exceed 20 ke/aee. The jiendulum than anmrfan. J 

... ■ ■ 

»f ft falling pendulum in r«jmi .... ; . 

22t7'r lu !\ .... : 

, , V,**" pwd * ,,,l “ 0pM« K u the«% 

. .. ■ ■ 

vanmn.Mer HU j s -n.. 

condenser cha W . The c„„fL» J ! 

* ttedfeoha^ 
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for a = E/2L is found by plotting the maximum throws against the time. 
The constant of the pendulum is as a rule between 10~° and 2 X 10 -5 sec 
for one turn on the micrometer screw which displaces Ki with respect to 
Ex. 

22. The Braun Cathode-ray Tube.—The cathode-ray tube of the 
late F. Braun 1 produces cathode rays by means of bombardment. The 
cathode-ray tube indicated in Fig. 31 consists of a cold cathode and a 
circular anode with a small hole at its center. When the air in the bulb 
is exhausted to about 0.006 mm of mercury, a positive accelerating voltage 
from 10 to 20 kv on the anode with respect to the cathode by bombard¬ 
ment will cause the cathode to give off cathode rays perpendicular to its 
surface. The rays which fall through the hole of the anode or through 
the opening of another grounded metal shield, which is also me talli cally 



Fio. 31.—Cold-oathode-ray tube using deflection coils Si St, St S 4 and a coil St for striotion 
field which focuses the fluorescent spot. 

connected to the anode, then form a penciHike bundle of negatively* 
charged particles which can be deflected by an electric 2 as well os by a 
magnetic* field. Therefore, if a revolving field (which may bo electric 
or magnetic) of constant intensity is applied to the cathode ray, it will 
describe a conical surface. Since cathode rays produce luminescence 
where they strike the glass walls and very pronounced luminescent spots 
when the inside of the glass wall is covered with chalk, zinc sulfide, 

1 Beat®, I., Wied. Ann., 60, 652, 1897 (oold-cathode-ray tube); A. Wammi/i, 
Physik. Z., 6, 732, 1905, first hot-cathode-ray tube; E. L. Chaffm, Jeff. Phys. Lab. 
Uonir., p. 287,1911; Proc. Am. Acad. Arts 84., 47, Nov, 9, 1911; A. Dufotir, Compt. 
rend., 158, 1339, 1914 (tube with photographic plate inside the tube); H. Hacsrath, 
Apparateund Verfahren zur Aufnahnie und Darstellung von Wechsolstromkurvon 
und elektrischen Soh.tringun.gea,” (footnote 1, detailed doner ip turn of the oold-cathodo- 
ray tube); J. B. Johnson, Phys. Re,,., 17, 420, 1921; BeUSystm Tech. I., 1,142,1922, 
and Western Electric Instruction Bull, 176 (describes the hot-cathode-ray tube in detail 
and gives a rather complete list of references); W. ftoaowsKi and W. Grohssb®, Arch. 
Uehrotech., 16, 37 7, 1925 (describes improved hot-oathodc-ray tubes); M. Knoll, /. 
Am. Inst. Elec. Enp., 49, 463, 1930 (describes a method whereby a Lonard window and 
Lenard ray oscillograms can be photographically recorded in air in a considerably 
shorter time than with high-vacuum photography—A. Dufour). 

■H.EWBT. See also Kaufmann and Aschlduass, Wied Ann., 62, 688, 1897 
(theoretical electrostatic sensitivity charge per mass)* 

3 Thomson, J. J., Phil. Mag., 44, 293, 1897 (theoretical electromagnetic sensitivity 
charge per mass of particles) * 





or more hours. An far m the brilliancy of the spot, is concerned, it. 



m(e aia a)* 


H,qv sin « 


eftttrlfugo! f«n» font 


Kt»r the angular velocity, 


2* v sin a <i 

Mi Ml awaiKwsR^smmiiit Ml ■»&> J 


1 UtrAv, It, .1., MketHetm, fl, 770, 1008; fraw. 20, 1417, 10 

A.l.E.ii,, $0, flit, 1811, 
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exposed is not sufficient to produce ionisation for an arc. Si net' the time 
of electron flight toward tho fluoresoent screen is longer for such low 
accelerating potentials than is the case with the high voltages used in 
cold-cathode-ray tubes, there is much more tendency for the team to 
spread along its path. This tendency is counteracted by tho argon gas 
which is at a very low pressure and the action is about an follows: As 
the thermionic electrons are accelerated by the positive-anode potential 
at a velocity of many thousand kilometers per second and when one of 
them collides with one of the gas molecules which move at. a velocity of 
only a fraction of a kilometer per second, the force of the collision knocks 
off one or more electrons from tho molecule. The remaining nucleus 
then becomes a positive ion which attracts free electrons. But these 
positive ions are heavy compared with the electrons. Therefore they 
move with comparatively low speeds and are only knocked around by 
the electrons traveling at a high speed ami stay practi¬ 
cally in the line of the cathode-ray pencil where they are 
formed. Hence t he entire length of the cathode beam 
forms a stream of positive ions which must attract tho 
free electrons and also keep them in straight lines. Tho 
electrons would otherwise have n lentlencv to anreiul 
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of this type is due to M. von Ardenne. 1 An inert gas at a very low pres¬ 
sure is again used to produce a very concentrated beam. 

For the deflection of the cathode ray, deflection coils or deflection 
condensers or both can be used. They have the same action for the 
cold- as for the hot-cathode-ray tube. Figure 31 illustrates the case 



Fig. 34—Cathode-ray tube with deflection condensers C x C 2 , and striction field Ih for 
focusing the fluorescent spot. 


where the cathode beam is deflected magnetically, while Fig. 34 indicates 
the case where an electric field is effective. The deflection condensers 
Ci and C 2 can also be outside the tube if no static deflections are of inter¬ 
est. When locating the spot of a tube, it is convenient to connect all 
terminals of the two deflection condensers together; otherwise the 




V/ 

Deflection plates'^ 


OefJechon 

Voltage 


eh 

0 




Other deflection 
Voltage 


DOn. Protective 
Pea/stor 


Fig. 35. Circuit for the Western 
Electric cathode-ray tube. 


cathode-ray stream may not strike the 
fluorescent screen. If the spot even with 
this condition is much off the center of 
the screen, an ordinary horseshoe magnet 
properly turned against the tube will 
bring the spot to a suitable point. In 
some tube designs (Western Electric) the 
location of the spot is stabilized by con¬ 
necting one plate of each deflecting con¬ 
denser to the grounded anode and leaks 
of 1 to 2 megohm^ across the deflection 
as in Fig. 35. , Any charges which 


plates. The circuit is then 
would otherwise collect on the internal deflection plates can then leak 
off instead of producing a biasing effect on the cathode beam. Although 
this avoids a false superimposed deflection of the beam, it is a dis¬ 
advantage when studying the conditions of two circuits which should 
not have common leads (for instance, when the frequency relation between 
two independent generators is compared by Lissajous figures; the inter¬ 
connection within the tube may give rise to automatic synchronization), 
it would then seem better to employ external deflection electrodes, or 
in ernal deflection quadrants the leads of which come out through the 
1 E.N.T., 7, 80, 1930. 
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glass walls right behind the quadrant plates, rather than through a com- 


With reference to l*ig. 36, tiie undisturbed electron of mass m and charge 
r i travels along the A'-axia until it strikes the fluorescent screen producing 
a luminescent spot at P. When an electric field 6 « E/a duo to the 
voltage E across the indicated deflection condenser acts, the path of 
the cathode ray is towards P lt producing a deviation PP, of the fluorescent 
sjH.t along the same direction as R, that is, along the %-nxin. When a 
current / flows through the deflection coils which are in series so that 


mj - # 


a t Jx a* , f d» 

W " m W h M 


Integrating yields 


- qv 


t " &/."£ ■ ■ il’ m 

giving uj*m integration over the entire length l, the deflection 
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x fQ\ - fi v IO’-n/F and -when the deflection PP% as 
of land l am in centimeters and the driving voltage 

between anode and cathode in volts, then 

p p 2 _ *&**} (17) 

VT 

Therefore it can be seen that the magnetic deflection that to, the current 
Iheretore « c ounced when the distance l from the deflection 

ffi the fluorescent screen is large and when the width 6 through 
c0 1 1 l* * „„ ; nt ensitv H acts on the cathode ray is also large. 

Formula ^Twas derived on the assumption that H acta uniformly over 
the length b which to not exactly true. In reality 

PP, . “|p («*> 

if F depends upon the dtotribution of the H field and path of electrons 
fn the Md When hot-cathode-ray tubes are used for which the cathode 
L ™ ?It verv stiff (V only 300 to 2000 volts) and the deflection turns 
^ «dTHelmh* coils, it to possible to obtain a current tomsi- 
tivitv of about 1 cm/10 amp-turns. The pair of deflection coils should 
have a narrow rectangular cross section so that the deflecting magnetic 

“- a ~ 

denser of width b along the X-axis, a more rigid formula can beobtained. 

Then the force 6 , must be equal to mg, since the deflection now takes 

place along the Z direction. Since 

dz dzdx da 

% “ & a* "as 

dH vdH dx , dv to , 4 s ! 
m 2t + % Ex - & 


«e» ® + * as 

because the acceleration dv/dt can be neglected for small displacement 
Hence 


and 


d"z 


dz 


6 


m 


1 

2 ? 


2V 


£ 


I 


PPi 


&dx * 

blE 
" 2oT 


fcS 

W 


b - 
a 

2? 


( 18 ) 


with the anode » well as the deflection voltages in volts■*“*' 

cions M well as the deflection again in centimeters. It can la. su n aga n 
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lhat the voltage sensitivity can lx* made larger by increasing the length 
h t*f the deflection condenser, by increasing the distance between the 
deflect ion plates to the fluorescent screen, by making the gap a between 
the deflection plates smaller, and by choosing a smaller anode potential V. 
The hitter is more or less Fixed for a given tube when a cold cathode is 
employed, while for a hot-cathode-ray tube 1' can Is* chosen compara¬ 
tively low, down to HOO volts, since thermionic electron emission occurs. 
Therefore when V *» 300 volts, l ■* 20 cm, b - l cm, and a « 0.5 cm, 
the voltage sensitivity E/PP\, according to (18) beoomes equal to 15 
volt s/cm deflection. 

When internal deflection condensers are used, the capacitance is still 
very small and of the order of ordinary tut* capacitance, about 10 pgf. 
But, on account of hieing internal electrodes, some of the electrons 
striking t he fluorescent screen are reflected back and may l>e accumulated 
on these electrodes. Since there exists also a heavy cloud of ions between 
the electrodes, spurious voltages may be superimposed and give rise to 
errors in the deflection when only small voltages (smaller than about 
3 volts) are applied to t he deflection condenser. These spurious voltages 
can be avoided by a proper bias. The charges collected in this way 
cause the deflection plates to act like a unilateral device when the internal 
tube connection to used ns indicated in Fig. 35. With a static deflection 
voltage of 30 volte about 25-ga flow across the space and for the polarity 
reversed, that to, with —80 volts, only about *2 m can be observed for a 
particular ease. 

25. Dynamic Deflections Due to Variable Magnetic and Electric 
Fields and Ltosajous Figures, —If, in a tube with deflection coils (Fig. 31), 
a high-frequency current flows through the series coils B it B, only, the 
fluorescent spot on the screen describes a straight line whose length to 
proportional to the maximum value of the exciting current, since the 
sjs*f to linearly polarised and moves to and fro in synchronism with (be 
variable magnetising current. The same holds for the current which 
Howi through 8t, Bn only, except that t!u» luminous line to now |x*r- 
pendicular to the one obtained above, since the exciting field acts in 
space quadrature. Hence, when magnetising currents n ** l\ sin w t 
and *i ® ft sin td with the same frequency and phase (# ■ 0) flow 
through flu* respective pair* of coils simultaneously, the resulting deflect¬ 
ing force which deflects the cathode beam Is again linearly polarised, 

« t 

but under an angle a » tan* 1 However, when the condition of equal 

plow* Hoik not exist (phase ?)> the fluorescent spot circumscribe* an 
area, For ahmuctidal current one then generally has the ease of an 
I'llipUcally ftolnrised magnetic field which for a proper phase-amplitude 
relation may give a circularly polarised field. Much closed character- 
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istics (Fig. 37) can also be produced by using deflection condensers 
(Fig 34) which also act in space quadrature, since, according to the 
formulas derived in the previous section, the component deflections are 
here proportional to the voltage across the deflection condenser, just as 
for the coil deflection they are practically proportional to the magnetizing 
force as long as they are not too intense. In Fig. 37 the amplitudes as 
well as the frequencies of the impressed voltages are the same. The 
general Lissajous figure is then an ellipse with its major axis forming 
the diagonal of the two component directions. For the phase difference 
v = o, the ellipse degenerates into a 45-deg line, while for <p • 90 deg 
one obfains a circular trace. When the respective component amplitudes 




Pio. m 


Fig. 38.—Lissajous diagrams for oqu&i but difltotat MopUtud* ami phtmm 

angles. 

are no longer equal, the general trace of the fluorescent spot is still an 
ellipse, but with increasing phase anglo <p not only the eccentricity of t he 
ellipse changes but also the. major axis turns as can be seen from Fig. 38. 

26, Equation and Application of Lissajous Figures.—The simplest 
cases of such figures are illustrated in Figa. 37 and 38. The cathode ray 
is then affected by two harmonic forces which act at 90 space degrees, 
that is, in quadrature. For 9 - at there are the component deflection* 
as = Ei sin 9 and y *•» fc’s sin (9 + <fi)- Since 


one has 


Bin 


y 


TBT 

mi 


and cos 6 


Ei 


E%\x cos <p + \f*W? — ir* win <p\ 

~~— 1 Wi . 


(19) 
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for the equation of the general ellipse. 
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which for equality of the amplitudes (i&\ - Et) gives the circle of Fig. 37. 
For 

P 

<P ■ 1B0° y ■» — x a straight line 

Mi i 

v> - 270° as for <? - 90° 

<p m 390° as for <f> *» 0° 

All possible ellipses are inscritod in the right-angled parallelogram of 
Fig. 38. The sides of t ho rectangle are 2E X and 2/{.’*, since one component 
deflection varies between ±E X and the other between ± Et. Therefore 
it. is evident that the fluorescent spot in the general case, for unequal 
amplitudes E x and E% and somewhat unequal frequencies w t /2ir and 
«*/2r» must produce a reelangtdar luminous arm on the fluorescent 
screen, since the inscribed ottijjse changes continuously (*> is not constant), 
while simultaneously the main axes of the ellipse undergo a rotation. 
This conclusion is of importance when Liss&jous figures are used for 
frequeney-etandarisatlon work, where, for instance, the voltage E x 
across one deflection condenser eomes from a generator of known fre¬ 
quency and the voltage E» across the other deflection condenser is taken 
from a source whose frequency is to be determined. At the beginning of 
the measurements, the frequencies cannot be equal and, no doubt, the 
amplitudes are also of different magnitude. But, according to the above 
conclusion, this does not matter at all alnoe the two sides of the rectangular 
figure Indicate to what extent the amplitudes are off, even though the 
frequencies are not exactly adjusted. Henoo, as the frequency of one 
source is gradually adjusted toward a stationary Lissajous figure, an 
Indistinct rectangular are* will first appear indicating that the frequency 
is about correct. Then one of the amplitudes Is varied until the rectangu¬ 
lar figure become* of square shape, Next the frequency is somewhat 
varied until a stationary Lissajous figure appears. This is followed up 
on page 192 under frequency measurements. 

Moreover, stationary Lissajous figures do not require that the’com¬ 
ponent frequencies /< and /* to equal. They are also possible for any 
value of /,//», which makes this a ratio of two integer numbers, such 
as H, H> H> etc. The Lissajous figures are then more complicated, 
as can to seen from Fig. 39. The two upper representations hold for 
the cures where /,//» are either exactly or only approximately equal to 
the ratio 2:1. In the former ease a parabola is obtained, while in the 
second ease t he parabola continuously moves and turns but always so 
that it touches the circumscribed rectangle which is formed by the double 
values of the respective component amplitudes. The rotation and its 
direction are very useful sine© they can be used to compute the frequency 
difference. For instance, if the lissajous figure makes half a rotation pot 
second, then /,-/*■ 0.6 eycle/sec. For suoh complicated figures, 
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where rotations take place, one entuM <•. ' '• ' ; -• 

displacement, since one vector relate to than th«* «*»her. I hi* means 
that even though both sinusoidal ■ 

immediately afterwards one variau.m i,!l * hi... IV plum. 

at the beginning then elmraetori.v, ih.- !• i«- to tin > *»•■.*» .*> pMierii 

as can be seen from the lower ivprv entniion ..f I ' here e a 

tow-row of mpreLi tat tons touche, she . nv,e . i , 

vertically and three times horisontally, then the frequency rntio 2:3 
‘ ts. Other Lissajous figures which arc nf importance arc m 

40. If equal phases exist for the indicated frequency i i’ -s-, t |„. 
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awn portions of the figures appear, white for all other conditions 

**" -'"liH. There is nil particular difficulty in hoM.ttg the 

if the sources are properly coupled to the deflection 
This method can be used, for instance, 
oscillator with an ordinary teniae current (W 
beat point is obtained by either a plate-current 
high-frequency generator*, or by moans of the 
The output of the beat oeoiilator is connected to one 
as sero frequency it obtained, the spot will ha 
to and fro until it becomes stationary, The some 
on the plate meter. This requires, of course, that «<* 
takes place between the constituent fre* 
■ oscillator. In order to find the 60 -eycte portion, 

ipse is generally > T*. ■; - - • 

connected across a IHh-yrtc nut- , ! 
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dial of the beat oscillator is then turned until the heavily drawn figure 
corresponding to the ratio 1:2 is obtained which gives the 120-cycle 
setting. Then the setting 1:3 corresponding to 180 cycles is found, and 
so on. There are no difficulties in carrying on the calibration up to 
alxmt (000 cycles in this way, depending, of course, upon the spread of 
the scale. For frequencies still higher, the calibration points come closer 
and closer and it is better to set an auxiliary generator to some calibration 
[mint, for instance, 10 X 00 - GOO cycles/soc, and find the calibration 
(joints for consecutive integer multiples of 600 in the same way. An 
application to high-frequency standardization is descrilied on page 193, 


For gear-ehaped closed figures produced by superimposed variable 
voltages on the anode of the cathode-ray tula*, see Sec. 86, where their 
application to the calibration of frequency meters is described. 



Fw, 41. Fi«. 43. 

Fio, 41,- High4i«a«iwrx a—flleynM (ojretie m4 dynamic &ro charsctertstloi, * vi*U#r« 
>u ritn» mi.) i etirmnt Oifoosk an WMiillattog are}. 

f*i«. 4a -Dattaaatim of # Unajou*-Rynn diagram. 

27. Construction of the Curve Shape from a Llssajous Figure.— 

Figure 11 shows closed figures and other stationary patterns as obtained 
with catboda-ray tula*. For ekmed diagrams it is often desirable to 
construct the variation with the time, that ta, in the simplest ease, to 
const met a sine curve from the corresponding circle. 

Unless it special time axis as described in the succeeding section is 
used, it is convenient to produce a Ltatajous-Kyan diagram as illustrated 
in Fig. 12, since for high-frequency work It Sa easier to obtain a good 
stationary closed figure than an oscillogram (time variat ion of voltage or 
current) as obtained by ordinary electromagnetic oscillographs. This 
met. hot! is of value especially when a distorted current wave is to be 
investigated. The experiment then consists of applying a portion of the 
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voltage of the unknown wave to one deflection element of the tube giving 
the fluorescent line (AB in Fig. 42). Next, a sinusoidal wave is applied 
to the deflection element in quadrature to it and the linear trace CD is 
obtained. Hereafter, both voltages are impressed simultaneously on 
the respective deflection elements and the indicated closed Lissajous- 
Ryan diagram is obtained. Since the known sinusoidal variation corre¬ 
sponds to a circle, it is possible to construct the time variation of the 
unknown voltage by means of the semicircle shown in the figure. It is 
then customary to use a known sinusoidal variation which has the same 
frequency as the fundamental of the distorted wave to be investigated. 
This is necessary because a stationary closed pattern can be obtained 
only either when the frequency of the auxiliary sinusoidal variation is 
equal to the fundamental frequency of the variation to be studied or the 
ratio between them is a whole number. If the time variation of the 
amplitude curve of a modulated high-frequency carrier is to be studied, 
the frequency of the known sinusoidal variation need only be equal to 
the modulation frequency. In the Lissajous-Ryan figure, OC and OD 
represent positive and negative maximum amplitudes of the known 
sinusoidal variation. The circumference of the semicircle is divided into 
equal portions. The same number of equal portions corresponds to them 
along the time axis t. The construction is as shown in the figure. 

Since this method is applicable only when one variation is known, 
other expedients must be used in addition to delineate complicated 
Lissajous figures. In cases of this type where neither the vertical nor 
the horizontal deflection is known, one deflection is made proportional 
to the differential quotient 1 (with respect to the time) of the other 
which acts in space quadrature. For instance, this is the case in the 
delineation of cyclic and dynamic arc characteristics 2 ‘obtained on 
Poulsen circuits. * The constructed time variations are shown in Fig. 41. 
The time axis in diagrams I to V of Fig. 41 is then found by producing 
equal shaded areas, since the condenser of the oscillator must take up 
just as much energy during the charge as during the discharge. Diagram 
II indicates the development of the i, t curve from the correspond¬ 
ing cyclic diagram. The quantity e signifies the instantaneous value 
of the voltage across the few turns which carry the oscillation current 
and whose terminals are connected to the deflection condenser of the 
tube. The vertical deflection is proportional to di/dt, since L in 
Ldi * 

e — —is a constant. The value i 0 denotes the constant current 

taken from the direct-current source in case of arc oscillations. The 
i, t curve is constructed as illustrated in Fig. 42. For di/dt = max, 
the maximum steepness of the i, t curve is found. The length of 

1 Martens, F. F., Verb. Phys. Ges., 21, 65, 1919. 

2 Yagi, H., Proc. I.R.E., 4, 371, 1916. 
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cycle next to the intersection with the time axis (zero line) falls on the 
screen. Since a sine variation is practically linear while passing through 
the time axis, the component deflection duo to this current must- also 
be Unear with the time. Another method for producing a linear time 
axis is due to L. Mandelstam. 1 The production of the time axis depends 
upon the charging and discharging of a condenser. Suppose a comlciwer 
of capacitance C is charged at regular intervals by some moans, say 
sonie sort of automatic switching arrangement, and allowed to discharge 
gradually through a pure resistance R, then the (.R product determines 
the speed at which the discharge takes place. Hence when t he resist unco 
is formed by the plate resistance r,, of a two-element electron tube or 
an ordinary three-element tube with the grid arid plate connected 
together and an underrated filament current (plate current limited by 
filament temperature, temperature saturation), the current through r p 
is independent of the voltage and a uniform time axis can Is* produced 
with the linear condenser discharge since the deflection is practically 
proportional to the time, because r p is proportional to the voltage across 
it. Therefore, the automatic charging device consist* conveniently 
of a relaxation oscillator (page 52) because, in such an oscillator, the 
current as well as the voltage variation is produced by an automatic 
charging and discharging of a condenser over a resistance. An ordinary 
tube oscillator with a grid condenser and leak also produce* such varia¬ 
tions. Therefore, one can distinguish between three types of linear 
time-axis devices, namely, ( a ) multivibrator, (5) glow-discharge tula*, 
and (c) tube oscillator with grid leak and grid condenser. 

The pattern obtained in all three cases is as indicated In Pig. 43 if a 
sinusoidal variation is made directly visible on the fluorescent screen. 
The condenser of the time-axis apparatus then charges during the 
intervals ft and fa, while during the linear discharge period #* the full- 
line portion of the sinusoid is traced out. For this care the entire relaxa¬ 
tion period (ft + f» 4* ft) is chosen about tvrico m long m the jwriml 
T *» X/f of the sinusoidal variation to lie studied. During the time that 
tine condenser charges, the fluorescent spot sweeps back from H to A 
which by no means interferes with the forward trace of the sinusoidal 
variation if the entire time (h 4* k 4* k) to made exactly an integer 
multiple of the fundamental period T e* X/f of the teat wave. The 
back-sweep trace BA will look fainter, since the charging epoch of the 
condenser is usually considerably smaller than the time of discharge. 
Only for a condition of this kind does the fluorescent spot sweep over and 

1 Jakrb. d. drahtl., 1,124,1907; see also improvement of the method by W. ttognw- 
sky, Arch. Etehtr ., 9,115,1920; application of this proecM with glow dwelwrgp tidies 

are due to F. Bedell and H. J. Keieh, J. Am, hut. Kim. Knit., 4#, 808, 111*27; 11 A. 
Thomas, Ezptl. Wirelme, 4, 15,1927 (describes time-axis scheme due to K, V, Apple- 
ton, Watson Watt, and .T. F. Herd). 
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owr the same trace. Since the total time, that is, the period of the 
relaxation oscillations, is always chosen greater, relaxation frequencies 
must i«i used which are integer submultiples of the fundamental fre¬ 
quency of the test, wave. This is a very simple matter, since a relaxation 
oscillator when only somewhat affected by a small portion of a sinusoidal 
voltage of t h«' test wave will automatically produce frequencies which 
are submultiples (page 203). 

Figure 44 indicates a system whereby a glow-discharge tube with a 
variable capacitance C in multiple is used to produce relaxation oscilla¬ 
tions. By varying C for fixed resistance H of the time constant CR, the 
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50 kc/ttec, by varying the capacitance. It is then convenient to have 
about the wane condenser setting for both (UX 240) tubes of the multi¬ 
vibrator. By means of the filament rheostat of the UX 112-A tube, a 
finer variation of the relaxation frequency is possible. 

For the delineation of time variations of a still higher frequency, 
the intermittent tube oscillator shown in Fig. 46 is useful. It can be 
employed to depict time variations up to 1000 kc/sec. The tube ?\ 
serves as a high-frequency oscillator. The circuit uses a grid condenser 
(Ci + Ct) which is adjustable by means of the setting of C*. An adjust- 

formed by th 
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oscillation constant CL. The shortness o! h can therefore be adjusted 
by the CL setting. The potential variation during this time again con¬ 
stitutes the back sweep of the cathode-ray beam (lino BA in Fig. 43), fin* 
trace of which is normally only faint because of its high speed and is 
readily distinguishable from the desired time variation. The discharge 
periods U (Fig. 46) will produce the desired trace of the time variation 
because they are much slower. The grid-potential variations be, de, etc,, 
during the discharge are again due to a relaxation oscillation whose 
frequency can be adjusted by means of the setting of the grid condenser 
or by means of the setting of the rheostat R which controls the filament, 
current of the tube T*, that is, the resistance r p over which the discharge 
occurs. Hence when two complete cycles of the tost wave are to bn 


c 


visualization 

transients. 


shown, the time-scale frequency must again be half 

§ of the value of the fundamental frequency of the 
- test wave. 

’ 29. Visualization of Very Fast Transient*.—' The 

, deflection arrangement of Fig. 47 deflects the cath- 
e ode ray by means of one electric and two magnetic 
fields. The magnetic fields are produced by menu* 
of the deflection coils 1-1 and 2-2 which are 
mounted pcrpoudieuliir i<> e.-teh while the 

L<IJ deflection condenser 3-3 causes the transient time 

variation to act in the same direction on the my a* 
S the auxiliary current pawing through deflection 

«c coils 1-L When high-frequency transients of very 
went 'for f hort duration are to be recorded, the cathode my 

visualization of fast is made to trace a carrier sine wave of compare- 
transients. tively low frequency and the transient variation i» 

superimposed upon this wave. The deflection 
coils 1-1 carry a discharge current which acts as the linear time axis fa). 
Its purpose is to draw out the component to-ami-fro motion (0) due to a 
known high-frequency current flowing through coll 2-2 as in diagram >. 
Therefore when the rapid-transient variation is impressed on the deflec¬ 
tion condenser 3-3, it will show up m in diagram 8. A portion of the sine 
wave shown in y and S then acts as time axis for flu* Iran tom. I; j. 
therefore possible to photograph very rapid transients which can be done 
conveniently only under a vacuum or by means of a Lenard window (see 
the next section). When the oscillator frequency is 110 kc 'see, and the 
effective width of the linear trace is 100 mm, the average distance corre¬ 
sponding to 1 Msec is 10 mm. The cathode my is held off the film or 
photographic plate at the top until all is set for the exposure, m that the 

i k du ®,! i0 J '^ lf ° ur l Comi *‘ rmiL > m ' «»4; /Am* 41m, 

w f ^P ll<id ]) y K B - MoBwham and E. I. Wads (Tmm. A.I MJt., 

44, 832, 1925) for the investigation of transients!* 
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Not only photographic plates and films can be used but also ordinary 
bromide paper, as employed in ordinary electromagnetic oscillographs. 

31. Notes on Differential Systems.—In many high-frequency meas¬ 
urements, a certain quantity is determined by comparing its action with 
a standard quantity of the same kind. In order to reduce the number 
of branches and avoid undesirable mutual actions between many branches, 
differential systems with only two branches are often employed. Thus 
the Wheatstone bridge arrangements with four branches and their 
modifications for alternating-current measurements can be reduced to 
only two parallel branches if a differential or balanced transformer is usqd. 
The test sample and the standards are then compared simultaneously , 
that is, under the same conditions. Another example is the differential 
calorimeter and the adaptation as a differential thermal measuring device 
without the use of the calorimeter. 

32. Simple and. Differential-calorimeter Systems. —Calorimetric 
methods, although slow, are among the* most reliable methods when 
osses or other determinations are to be made with distorted voltages and 
currents and any combination of frequencies. The heat delivered to 
a system is always a measure of the losses and it is independent of the 
direction of current flow. Such methods are especially useful when the 
iron losses and the effective resistance of coils are to be found. 

The simple calorimeter is a well-known device. It may consist of 
two cylindrical vessels, which are insulated from each other by air and 
arranged in such a way that one container completely encloses the other, 
Containers with polished nickel surfaces seem suitable. The double 
container is submerged in kerosene which is kept in circulation by a small 
paddle wheel. A heater keeps the liquid at a fixed temperature which 
may be controlled thermostatically. The constancy is checked by a 
thermometer or some other means. The calorimetric liquid which fills 
the inside container is at first at the same temperature as the liquid 
surrounding the entire calorimeter ;A thermoelement is suspended in 
the inside liquid through a small opening of the cover. It is connected 
to a suitable galvanometer in order to observe the temperature increase 
due to the heat given off by the test sample submerged in*the inside 
liquid. A calibration of the galvanometer is not required when an 
auxiliary small heating coil is also submerged in the inside liquid. It 
may consist of a constantan wire (about No. 30) which is wound on 
ebonite or some other suitable substance. The heat loss of the test 
sample is then found by producing, by a known direct current I and 
terminal voltage E across the auxiliary coil, the same galvanometer 
deflection as is obtained when the desired high-frequency current passes 
through the test sample. The heat loss is then W — E I. This method 
has the disadvantage that the known direct-current test must be carried 
on at a different time from that of the test with the sample to be examined. 
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The differential system which carries on the determination simul¬ 
taneously consists of two simple calorimeters as described above, for 
which the two thermoelements are connected against each other through 
a suitable galvanometer. One calorimeter contains the test sample 
and the other the auxiliary coil heated with direct current. In order to 
have a well-balanced indicator system, the inside calorimetric liquids 
are at first held at the same temperature, that is, neither high-frequency 
current flows through the test sample nor is there a flow of the auxiliary 
direct current. Resistances are connected to the respective thermo¬ 
elements and varied until a zero current passes through the galvanometer. 
Hereafter, the test sample is excited with the desired high-frequency 
current of effective value h and the direct voltage E across the auxiliary 
heating coil varied until, for a direct current I, zero balance is again 
obtained. The relation 



W = Ii 2 R x = El 

then gives the expression for the coil loss W and its effective resistance R 
33. Simple and Differential Thermic Indicator.-When less accuracy 
but more speed is desirable, the calorimeter may be dispensed with. 

The thermocouple for the simple ther¬ 
mal indicator is then connected to the 
test coil as indicated in Fig. 49. Care 
must be taken that no high-frequency 
currents pass over the thermocouple 
to the galvanometer and that the 
p 0011 d °es not radiate heat appre- 

?$* ciabl y- For this circuit, the system 
is at first calibrated with direct cur¬ 
rent and the voltage drop E across 

relation W = IJR X f rom whlVh ,, . . ^ d obtamed - Again there is the 
distance *. can be comped Thi tl® ^ “ the hi ^mmnoy 
urements are carried on vith air coils Thf^ff 8 '“f'f When meas “ 
^nsists of two circuits. Two equal Jrf 15"T** tbermal in <hcator 
thermocouples attached to elch coifs fK i h*" USed ' and two 
ment is carried on, that is for zero ala -oced before the measure- 
The desired high-fmqueVcv current thr ° Ugh the Manometer, 

coil, and the direct current I flowing ^ v then , pa , ssed trough one teat 

the °* ber equal coil is 
voltage E, zero current again passes through 


Fig. 49.—Simple and differential ther¬ 
mal indicator. 
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the galvanometer. The same relation as above gives watts dissipated 
and the dynamic coil resistance R x . 

A hot-wire thermometer can also be arranged to give a differential 
action. 

34. Differential Transformer Which Can Be Used to Determine 
Impedance, Resistance, Inductance, Coupling, Capacitance, Phase Dis¬ 
placement, and Power.—The differential or balanced transformer indi¬ 
cated in Fig. 50 consists of two equal primary coils P x and P 2 , wound in 
opposition and symmetrically placed with reference to the secondary coil 
When the currents in the two coils are equal in effective value and 
are in phase, their inductive effects on the secondary coil neutralize 
each other exactly, and no voltage is induced in the secondary. If 
audio-frequency currents flow to the differential system, an ordinary 
telephone receiver connected across the secondary can be used to indi¬ 
cate the balance (zero current). If the wave shape is distorted, the zero 
current is tuned to the fundamental frequency. If high-frequency 



Fig. 50. Differential (balanced) transformers for high-frequency and audio-currents. 

currents flow to the system, sensitive thermoelectric indicators, regenera¬ 
tive tube detectors, and a crystal rectifier in series with a galvanometer 
(crystal detector) can be used. Since at the beginning of a measurement 
the system is very unbalanced, it is of advantage to use a double-pole 
double-throw switch for which the middle terminals lead to the secondary 
coil of the balanced transformer, one pair of outside terminals of the 
switch to a thermoelectric milliammeter (about 100 ma, full-scale deflec¬ 
tion) and the other pair of outside terminals to the crystal detector. 
The secondary is at first connected to the thermoelectric indicator and 
a rough balance obtained. Hereafter the switch is thrown and the 
crystal detector works through a wall galvanometer for the final adjust¬ 
ment. For very high frequency it is of advantage to tune the secondary. 
The system then becomes extremely sensitive. But when working in 
the lower frequency range (25 to 50 kc) more secondary turns are needed 
and , the tuning is . not so sharp. A regenerative detector partially 
neutralizes the resistance. A dynatron connected across the tuned 
secondary will also accomplish the same effect. If a thermocross bridge 
(Fig. 59) is used as a zero-current detector, the indications are propor¬ 
tional to the secondary current and it is possible by a proper phase shifter 
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of transformation between the two primary branches can be obtained, 
however, by using the scheme shown in Fig. 52. The ratio of transfor¬ 
mation is then equal to C 2 /C 1 , for the test impedance X to the standard 
impedance S. The same differential transformer as described above 
can be used in this bridge arrangement by ignoring the center tap 1 of the 



Above transformer as a bridge 



Fig. 52.—Differential bridge. 


two primaries and connecting the outside terminals by means of CVftftd 
C 2 to the ratio tap 1'. 

36. Notes on the Symmetrical and Unsymmetrical Attenuation Box, 
Transmission Units, and Power Levels. —An attenuation box is a device 

which produces a known damping if inserted in a network with proper 
terminations. Figure 53 shows a single symmetrical T-seetion of pure 
resistances Ri and i? 2 designed for a termination R 0 which is also a pure 
resistance. For R 0 «*> 6000 the curves shown in the figure are obtained 



with an output current h - Iie~ a where a denotes the damping of the 
section. Thus, if i2i — 1000, Ri = 5080, one has « =* 2.5 and /a only 
0.082 'Ii, while for Ri = 1.1050 and R t = 6000 the attenuation in 
radians is as high as a = 7 and only 0.0009 121 x is available at the output 
end. A large reduction of the current can be obtained by using either a 
single section with a relatively small shunt resistance R x and a compara¬ 
tively large series resistance Ri (which can never become greater than Ra) 
or several sections in series. For instance, for Ri — 15.320 and Rt •» 
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JjJ j 

2 logio -gr or 2 logio in the American system 


i -®i , 

1<5g ‘ El ° r oge 


; in the European system 


Hence the number of transmission units is 
At n — 10 logio 


Atu = 20 log l0 ^ or = 20 logio ^ j 

Hence the TU is ten times the logarithmic ratio of any two powers and 
2Vtu denotes the number of transmission units by which the two powers 
Pi and Pi differ. For instance, from Table XV at the end of the book it 
can be seen that a transmission system has a loss of 3.5 TU when its 
power ratio is 0.447, and that an amplifier 

has a gain of 3.5 TU when its power ratio is p j-S -r—} , & J&J 1 
2.24. It is also evident that 1 TU corre- jk 1, __ jJ] 4__1 (L 

sponds to a change of 11 per cent decrease t- i —-— —I Jl J Jr 

or 12 per cent increase in voltage, or cur- rT * . . 

rent. Tables XVI and XVII at the end of impedance T-seotion^^inter- 
the book give the voltage and current ratios as “ad im P edmoe) ° f supply: Zt 
well as the power ratio. These tables were ° ' 

arranged by members of the technical staff of Wired Radio, Inc, 

Figure 54 shows an unsymmetrical network Z u Z 2 , Z 9 which can be 
used to advantage in amplifier and other measurements. With it, 
terminations of lines and circuit branches of different characteristic 
impedances can be coupled without reflections at the joints. Looking 
into the open terminals a, a toward the Zi loaded unsymmetrical network, 

one has the impedance Z a = Z x + and 


Zi = 0.5 {\/PQ 4" #} 

r Z \ + 1 Z V Q = Z ' + Z * + 4^; $ = Zi - Z 2 and Z t - Z a , 
With, terminals 6, b open and looking into the network toward impedance 

Z B connected across terminals a, a, one finds Z b - Z 2 4- 

which for Z, - Z t yields 


HJx + z,} 

~%i + 


z, = 0.5{VPQ - S}' 

With such terminations no reflections will take place on either end 
(a, a or b, b). Hence if Z„ denotes the characteristic impedance of the 
system to the left of a, a and Zi the characteristic or any load impedance 
of the system connected to terminals b, b, the unsymmetrical network 
will match for no reflections at a, a and b, b and the transmission loss 
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while from right to the left it is 

i Z\ + z* + 
n = log.- n - 


. — 7 * 

because for n, according to KirchhofFs laws, /2 = Ii -gr 


and 


r 7 1 y _l y 

= ,^ 2 T ^L Z— 1 = € * This result and the expressions for and 
I2 Z3 

Zi give a means for finding the values of Z\ 7 Z 2 , and Zs as well as of tho 
propagation constant n, } since the terminations Z 1 and Z g are given. 
One finds 


= 0.5 




2i = 0.5 \p tanh ~ + gj-; Z 2 = 0.5 -jp tanh ~ 




3 * 2 sinh n 9 
p = Z g + Zi and q = Z g 


n = cosh"' 1 

— Zi 


Z\ ^2 ~t“ 22/. 

2ZI 


£.1 


(25) 


The propagation constant n in above formulas stands for n, that is, the 
direction from Z B toward Z z . If therefore an unsymmetrioal network 
with resistances Ri, Ri, and R 3 is used in order to couple with no reflec¬ 
tions two different resistances R s , and Ri, the 
solutions are as given in Fig. 55. This arrange¬ 
ment can be used in amplification measure¬ 
ments (Secs. 54, 55 and Figs. 79, 82) where the 
output resistance of an attenuation box (say 600 
ohms) has to be matched for no reflection 
against the ihput impedance of an amplifier. fio. 56.—Uasymmetrical 
Then Z, - R, - 600 ohms and Z, is equal to JSSST 
the input impedance of the amplifier. Suppose mice J?». 
all impedances are resistances and R„ = 60Oil 

and Ri = 2000 are fixed and known. Let R„ be the character¬ 
istic resistance of an attenuation box, whose transmission loss is 
known, either in nepers or in decibels (1 db = 0.115 neper and 
1 neper = 8.686 db). The propagation constant n *■ a + 3& m a 
nepers giving 8.686a db. The values of Ri, Ri, and R» can be com¬ 
puted if a suitable transmission loss for the network of Fig. 55 is 
assumed. The magnitude of the loss is a matter of compromise since, 
if 8.686a is taken too small, Ri may come out negative and lead to an 
impossible network. For too large values of 8.686a, unnecessary attenua¬ 
tion is inserted into the system. In many case's values from 10 to 20 
db for 8.686a are suitable. Hence assuming for this particular case 

20 decibels, one finds from Table I, tanh ~ = 0.81809 and sinh a = 4.9521. 

From Fig. 55, p = 600 + 200 = 8009; q = 600 - 200 * 4000; R t « 
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CHAPTER III 


APPARATUS AND SYSTEMS FOR MEASURING 
HIGH-FREQUENCY MINUTE TUBE AND 
IONIZATION CURRENTS 

If high-frequency current# lire measured by their heat affects, the 
meters can l*e built to work aver a wide frequency range. Hot-wire 
instrument* were the early common indicators, but in recent years 
thermoelectric indicators haw come more into tine because their losses 
are comparatively small, their calibrations am more reliable, and instru¬ 
ments measuring down to 1 tna can be built without difficulty. With 
mom sensitive direct-current indicators, the microampere range can also 
Ik* covered. For larger currents, apparatus baaed on the repulsion 
between two current-carrying conductor# can lie used. Current trans¬ 
formers (page 57) covering a certain frequency range with meters in the 





uitm immi i'\< > ■' 1 " 


advantage of a broad frequency tv-pome ,,ml me ■ , 

ment. Figure 50 shows tin- 5 lend m 

detectors. A crystal rectifier A i- o <d ^ 

nometer G of suitable scusiti\n \. H * . • .< 

sustained time variations, and up • ■>. 1 : 

good zero-current indicators, that o. n . ml fur oppm'«tn• wl 

disappearance of a current is of inf err-!. 

rectified always charges the block condenser (\ in the m% 


;ors can tie o 

priate grid bit 

rent is utilized. A very aensil tve am.. |«. mbs 

mal plate current h through the meter u.» parallel ht ,„rh i 
inasmuch as a much more sensitive in iniment can then 1 
the effects of the changes in the plate current. An <mJm« 
tube or an ordinary three-element tube with the grid »»*.J 
nected can also be uw'd instead of the crystal detector ul 
plate voltage is then <lue to the indun d «• inf, and the 
current due to the initial veined i ,,f thi electron* mn »*< 
When using a three-element fuls>, one nuisl diwtjftgm i, f« 
law and linear detectors. The linear defector .* » tube -1 
a modulated high-frequency voltage of from t„ d 
volts is applied, while for a square.!,.« ... , 
apphed high-frequency voltage to about half ».,m \\ 

detector a great deal of (he dynamo- tube rf, , r .... llM} , , 
work characteristic is almost linear; that Is, p ropoPti 
betv^en-the output In the plate brunet, - - „ . 
across the grid and filament . Ite-.d.-- ib, . .• . . . 

small input voltages (miles* -m-di. e.r «i 

the tube characteristic is operative . f- . . , . . 

weak signal when a strong signal i, .. 
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38. The Bolometer Arrangement for Indicating Small Currents.— 

The system shown in Fig. 57 is a bridge circuit balanced by a direct cur¬ 
rent I. A baretter consisting of a fine platinum wire (Wollastan wire) 
is located in one branch of the bridge. This wire is exceedingly thin 1 
and therefore its resistance will change considerably with any change in 
current flow. A balance of the direct-current bridge is then possible 
only for a certain current kl passing through the thin baretter wire. 
Therefore even if only a small high-frequency current I x is superimposed, 
the galvanometer G will produce a deflection. A certain small range 
for the direct-current excitation exists, for which the deflection of the 
galvanometer becomes largest for one and the same small high-frequency 
current h. An arrangement of this type is very sensitive and must be 
well protected from air currents so that direct-current balance may be 
kept constant. 



Fig. 57.—-The baretter detector. 
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Fig. 58.—-Thermoelectric indicators. 


39. Simple Thermocross Arrangements and the Thermogalvanome¬ 
ter. —In the simple thermocross arrangements as indicated in Fig. 58, a 
low-resistance galvanometer is used as one indicator. It is then con¬ 
nected across one thermoelement of the cross, while the remaining thermo¬ 
couple serves for the high-frequency current path. A special heating wire 
can also be used and the thermocouple connected to the direct-current 
indicator is welded with the common joint against the heating wire or 
suspended in fixed and close proximity to the heating wire. Commercial 
thermoelements are in a vacuum and are sensitive and keep their calibra¬ 
tion well. They are far superior to homemade thermocouples and if 
available should be used. For rough work, thermocouples of tellurium 
and constantan or tellurium and platinum are satisfactory. If such 
materials are not available, a couple of 'iron and constantan wire can 
also be used. For thermoelectric force, reference is made to Table II 
where metals and alloys are arranged according to their thermoelectric 

1 A thin silvered wire with a thin platinum core is drawn out to a still smaller 
diameter and soldered across two copper terminals. ‘The much thicker silver coating 
is then removed by dipping the small loop of the baretter into a solution of nitric acid 
(H NOa). Wires from 0.001- to 0.0005-mm diameter can be obtained in this way. 
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property. This table gives the thermoelectric force of two metals 
when the joint of one metal is at 0°C and that of the other at 100°C. 
The numbers are in millivolts. The thermoelectric force of an iron 

Table II 


Bismuth.. 

.0 

Brass. 

. 7.1 

Constantan. 

. 3.0 

Gold. 

. 7.2 

Nickel. 

. 5.1 

Silver......’. 

. 7.4 

Platinum. 

. 6.6 

Copper. 

. 7.4 

Mercury. 

/. 6.7 

Cadmium.. 

...... 7.6 

Aluminum.. 

....... 7.1 

Iron. 

. 8.3 

Lead-------..-- 

....... 7.1 

Antimony. 

. 10. 


constantan couple for a temperature difference of 100°C is then 8.3 — 3 = 
5.3 mv. The thermogalvanometer indicated in the same figure is due 
to W. Duddell. 1 It should not be confused with commercial thermo- 
galvanometers for which a thermoelement is usually connected to a 
portable table millivolt or microvolt meter with the thermocouple within 

the instrument. The Duddell galvanometer 
is much more sensitive than the ordinary ther¬ 
mocross arrangement shown in the same 
circuit. It uses two dissimilar metals (anti¬ 
mony-bismuth element) of high thermoelectric 
e.m.f. and the heating wire which carries the 
high-frequency current affects the couple by 
heat radiation only. The thermoelectric cur¬ 
rent which flows in the rectangular conductor 
produces a magnetic field which, by interac- 
Fig. 59 .— The thermocross tion with the stationary magnetic flux of the 
bridge. magnet, causes the rectangular conductor to 

turn. The deflection is proportional to the square of the current. 

40. The Thermocross Bridge as a Current Indicator. —AlLinstruments 
with indications which are produced directly by the Joulean heat effects 
of the current follow a square law. The same is true of the ordinary 
thermoelectric indicator. This is an inherent disadvantage when small 
currents are to be indicated. A linear deflection law is then the most 
desirable. The bridge arrangement shown in Fig. 59 satisfies the straight- 
line law even when the resistances Ri and Ri of the two thermoelements 
are different, although equality gives greater sensitivity. 2 The direct 
current which flows through the galvanometer is due to the difference 
of the currents which are produced in both thermoelements connected 
against each other through the galvanometer. It is an* easy matter to 
prove that 



2-galv — k T efft e ff COS <p 

1 Electrician, 56 , 559, 1906. 

2 Gen. Elec . Rev., 17, 987, 1914. 


(I) 


















muT /„ *■ V/R, 

42. Calibration of a Bolometer System.—The baretter circuit ahown 
in Kin, bl mn be conveniently calibrated by u thermocwa* whose constant 
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or 



(2) 


43 . Calibration of Hot-wire and Thermoelectric-current Meters.— 

By a thermoelectric-current meter is meant an apparatus which uses a 
direct-current indicator with a self-contained thermocouple. Its calibra¬ 
tion, therefore, is obtained in the same fashion as that of a hot-wire 
instrument. The simplest way is by connecting the test instrument in 
series with a standard high-frequency meter. 

Another way is by connecting the test meter I* in the calibrated cir¬ 
cuit indicated in Fig. 62. 7 S is a standard current indicator. By means 


dr 



Fig. 61. —Calibration of a bolometer. Fig. 62. —Calibration ,of hot-wire 

and thermoelectric-current meters. 


of a tube generator, suitable high-frequency currents are produced in the 
measuring system and the constant k of the circuit is determined from 



(3) 


where J s denotes a current reading of the standard instrument in the 
circuit producing the corresponding deflection d, for the desired frequency 
band in the coupled thermoelectric indicator. The current meter to be 
calibrated is then inserted'in the circuit and the calibration curve /„ 
obtained" from the corresponding deflections d x by means of the formula 

lx = WZ (4) 

If a current changer is used with a current indicator, the calibration is 
carried on by the secondary current I 2 (Fig. 26) because the current ratio 
is known. 

44. Notes on Current Transformers for Measuring Instr umen ts.— 
It is evident from the discussion in Sec. 16 that both an air and an iron- 
core step-down transformer can be used to measure large high-frequency 
currents by means of measuring only secondary currents with a thermo- 
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t-nv current-carrying capacity. 

I s • -- -a.-imputing and outgoing leads, the 

few primary t urn* aw looped through the opening of the core as indicated 
in Fig. 28. The secondary turn* go straight to the indicator. The step- 
d«iwn *<<i )*•!(" rim i . • ‘ ■ ii* and have a largo time constant 

j.-j *),*• "• hi >i»hai • !>«• •Jidu.-i n c reactance is large compared 

mi»I> '!•’ f ■ »»<• The astatic condition is approached by 

using a toroid-ahaped transformer. 

48, The Kdiiy -torrent tbdvumnnctcr for High-frequency Currents. 

» ! 4 ' tl»* square !»w. it consists of a circular copper 

disk that i* suspended on a thread of quarts. The current to be measured 
flows through a coil whoee high-frequency magnetic field causes the disk 
to tout ..o' <•> '!■>' t< <!■■< jimoIimii. The disk is at the center of the coil 
with about uist turns on a diameter of 2.8 cm. The deflection is observed 
1« . i- <-*fs‘ and u Mo di uorror on the movable disk. 

48. The Mont no tut King Galvanometer for the Measurement of 
Small High-frequency Currents and Phase Angles. -This apparatus 1 
follow* a linear law. It conalata of two stationary coils at right angles to 
«t,*h other. They are of square shape (2.5 cm*) and with about five turns 
of Uf a wire. A copper ring of 1-cm diameter is suspended by a thread of 
quart! in such a way that Its plane coincides with the plane of one of the 
stationary coils. When high-frequency currents h and /, of the same 
frequency pare through the respective stationary colls, with the us© of 
a telescope and a small minor attached to the ring the deflection reads 

4 - Khh ( 6 ) 

If h denotes a rouatant atudliary high-frequency current of the same 
frequency m /*, any changes In h must produce deflections which are 
directly proportional to the change* in I*. A galvanometer of fchia kind 
measure#) very small higtefreqttency currents and their phase, since for a 

phase displacement # 

<f - Wteosv («> 

47. The Hot-wire Thermometer as a Current Meter.-An instru¬ 
ment of t his type cannot claim great accuracy. It consists of a glass tube 
with i» hot wire at the lower end. An alcohol manometer is attached to 
dte upper end. When a current passes through the hot wire, the air 
above it expends because of the heat, and the Increase of pressure indi¬ 
cated by * he manometer is a measure of the current. This apparatus can 
:i!«4i u changed to a differential thermometer. A U-eh&ped tube is used, 
and iwo hoi wires are suspended in the upper ends of the IT. The air 
enrols downward on each side when the current flows through the 
o -I* » « ive l.«t *ires and pushes a liquid to the center of the tower straight 
inn ,.i the tl-abaped tube when the currents produce the same heat 
• \t isoMjWAM. U. »«4 N Pataum, Aim «. 490 > M*& 
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effects. For a difference in current the indicating liquid will be to one 
side. 

48. Circuits for Measuring Small High-frequency Currents. —Small 
high-frequency currents are conveniently measured by small potential 
drops produced by them. It is possible to use a Wheatstone-bridge cir¬ 
cuit which contains either one electron tube in one branch (Fig. 63) or 
two tubes (Fig. 64) similar to the thermocross bridge. If a single tube 



is used, one can use either the circuit to the left of Fig. 63 or the scheme 
to the right due to S. C. Hoare if a low-current filament tube such as the 
199 type or its equivalent is available. In the latter circuit the filament 
battery is dispensed with and a low-voltage B battery (6 to 22.5 volts) 
is used to excite both the filament and the plate. In each Wheatstone 
bridge system the grid resistance R is used to produce a voltage drop 
across the grid and the filament. The bridge is balanced for short- 
circuited input terminals. A galvanometer G which may be a micro¬ 
ammeter fia indicates the condition of zero 
current. For this case the resistances are 
such that r p :R 1 = R a :R 2 . Therefore if a 
direct -current or a high-frequency current 
flows over a suitable resistance R, the zero- 
current indicator gives a deflection. When 
ordinary receiving tubes and low-voltage B 
supply are used for this circuit, the resist¬ 
ances in all four branches, for a balanced 
system, are in the neighborhood of ten to 
twenty thousand ohms, while R may have 
values from 50,000 £2 up to about 5 megohms 

shows a double-tube bridge where,^orhigh-frequency^ork 8 )^^, denote 

For direot ? glble . “ npedance and down the grid-leak resistance R 

StotlTST? am f fi f tions a *> ^e hiput terminals The 
the left has a fixed grid bias E c and a variable bias R Tbo 

g 6-1)0 ° double -throw switch is at first connected with a, and the grid 



Fig. 64.—Two-tube bridge as a 
current meter. 
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bias E e of the other tube is varied until the mieroammeter ga indicates 
zero current. When the unknown current i flows, the switch S is 
thrown toward b and the slider of the E c% potentiometer to some point P, 
for which condition zero current is again obtained. The reading E e on 
the voltmeter is then a measure of the current i. 

Another way of measuring small currents is by means of the tube 
galvanometer 1 shown in Fig. 65. A double-grid tube is used here for 
reasons explained in connection with 
Fig. 71. Very small currents it can be 
measured by this circuit since a direct- 
current back feed is employed. The 
circuit is so adjusted that the sum of 
the space-charge current i% and the plate 
current %% is equal to the saturation cur¬ 
rent, that is, constant. Hence, i% can 
increase only at the expense of i% and 
vice verm . Since i 3 passes through the back-feed resistance i? 3 , this current 
must cause a decrease of the space-charge grid potential, while the current 
it to be measured produces the opposite effect. The resulting grid voltage 
is therefore 

e u = iiRi — i^Rz ”f“ E 



Fro. 65.- 


-6 ~Z O 
Grid Voiiaqc 

-Tube galvanometer. 


where E can be negative or positive. When working along the straight 
portion of the tube characteristic, the plate current is 

e u + otEb 

H =* —-—— 

and 

d m m . Rt_ 

dii ^ _ Rz 

r P 


that means, for Rn » r p the amplification becomes infinitely large and 
for Rz < r p it decreases hyporbolically with decreasing values of jR 8 . 
The amplification is as follows: The unknown current i x increases the 
pot ential of the outer grid. This causes an increase of the plate current 
i 2 . But, since the inner grid is so positive that its current together 
with u is equal to the constant emission current of the filament, an 
increase of plate current must cause a decrease of is. But this gives a 
reduced voltage drop across /i 8 . This increases the potential of the 
outer grid still further and the whole cycle is gone through again and 
again, the effects being additive. The effect of the back-feed resistance 
R s is therefore equivalent to an increase of the steepness of the work 
characteristic of the tube. The tube used in this circuit must use a 
1 Jaeger, W„ and H. Scheffers, Wise. Ver&ffentl a.d Siemens Konzern , 2, 325, 
1927. 



off by the plate because of the bombardment of the plate by the pfol* 
current. 

With ordinary tubes any grid electrons due to the thermionic emission 
of the filament can be avoided by a high enough negative grid bias •»* A 

‘Thomiww, B. J., Ekdmmm, l, »«•. A-r other «...»».! 

l»»o II. Nbison, «c(i. ,SV». Imlmmni! 1.1-M. Ji H H.v, , , 

’£ nt *'£ 4ft i H, f, (with * Vml n< r,u ;‘i » \Ul«, ’ s ■ " 

Pht/K. Rmi, 36, 1480, 1030. 
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5 vo,l *J: tthw * ,OW -P™ored hot cathodes (thoriated tumrsten fib, 
ments, dull emitter) are tiaed the trriA „„ v . . *t !UnKH ■ lla_ 

i.i.i., K. i.*i.„,, h «, h ““ 

.. . " "'•“f"* ■.( thermion., The 

..If ?>> mmii* extent by any hot e»tb<ul« , ., v< (>nH K ,v< n 

.... - * * . 1 cain<Kl « constitute a cr < current ftmd 

m'Kiitive< and flu, fi.nv can la* e.r, ,,Iv diminished by pLimr tJsit Z v 

11 1 ' f J tlit grid, md pint© voltages below <1 volts will also avoir? 

even the ioftaat X-rays, u a,HO avoHi 
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nickel envelope acts as a screen. Because of the high input resistance, the 
microammeter (jua), whose reading is brought to a suitable point by 
means of R and the shunt battery E , can be used to determine the rate at 
which a small current builds up a charge on the control cylinder, since a 
direct relation exists between the change in the current noted by the 
microammeter and the charge building up on the grid. This therefor© 
is the same case as with the quadrant electrometer, where the insulated 
quadrants take the place of the control cylinder and the deflection of the 
needle corresponds to the deflection of the pointer of the microammeter. 
In the above circuit the control cylinder is kept at a suitable negative 
potential. Placing the anode between the hot cathode and the control 
cylinder keeps any positive ions given off by’the filament from reaching 
the control cylinder. A space-charge grid is therefore unnecessary. 
The anode potential is as low as 4.5 volts, thus preventing any positive 
ionization by collision. Therefore when the active tube is enclosed in 
an airtight container, the input resistance is practically that due to the 
glass leakance only. If a.small photoelectric current I x is to be measured, 
the voltage on the control cylinder will remain practically constant if 
the shunt switch 8 is closed. But when S is opened the current will 
pass toward the control cylinder and charge it up, thus producing a 
change in the reading of the microammeter. From this, the rate change 
of potential of the control cylinder is obtained. Hence, if the effective 
capacitance with all the connections is known, the magnitude of /» may 
be computed. For much of the work it is more convenient to connect a 
high resistance across the open switch S and determine the voltage drop 

caused by the current passing through 
the high resistance. 

The circuit (Fig. 68) due to R. D* 
Bennett 1 is again a single-stage unit and 
employs an ordinary double-grid tube (222 
type or its equivalent). All positive oper¬ 
ating potentials are chosen below ibout 15 
volts in order to avoid positive ionisation. 
The grid assumes a potential which Is 


Etfuilibrion 
p omit ion 



Fig. 68.—Tube galvanometer. 


determined by its leakance resistance and the relative abundance of 

f°® 11Ve “ d negatlve i0DS - Therefore it is evident that the effective 
input resistance is asymmetric for a relatively greater number of electrons 

than Cr 'T' Th Z l ak resistance is then much higher for a negative 
han for a positive grid charge. Figure 68 illustrates a circuit umd to 

currents supplied by an ionization chamber. The 
p of the deflections in the plate meter can be increased at the expense 
of the sensitivity if a grid leak is used. A much more steady oirS 

lio! t aEd sensitivity can be re S aine d by further amplifiqa- 
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ijtiii, tlw* eurrpnt amptUtartloo to IO» fold, 


Methods for Mwaitai the Effect# of Photoelectric Current*. 

Hr utUm *,**«! dmiiu jud 4mmib$4 mn all he need for thin work. 
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Figure 67 illustrates, for Inat since, *I«* euro of a phot. «*!«*»*! rir cell m the 
circuit. Figure 70 shows a fundamental single-tube arrangement u*mg 
sin ordinary receiving tube of the three-element type. In order to have 
a sensitive system it is convenient to measure only the variation of ih«< 
plate current /„ when any photoelectric current* t»r«> 
acting. The current through the mUliamtnetcr \f 
A. is then balanced out by a coarse (R) and a line (r) 
variable resistor and a suitable voltage tap T, when 
yto 70 —Or Uin a ca{ h°d® of the roll is not si fleeted by light A 

t.hroo-oiomont tube**.* resjionse in the reading of the millmniitr). 

—* photoaieotrio obtained when the voltage acting on t he roll i* much 
above saturation and a vacuum type of roll is 
employed. The amplification of a photoelectric current i with an ordinary 
three-element tube is usually inappreciable in the fir-* -Uye 1 





whii'h eombincd with (10) results in 


~* (2 + 

Thin outcome combined with the relation e t - 0.63 ir, m% leads to 

0.63i ( 

* " [2 + »W, 

The corresponding plate potential e„ 1m pc, and 

t. -om M il 




(12) 

(13) 

(14) 


>wn » il.*- 1 ;■< u with ft but little and is about unity with 

l u '*• valoes of #*, tie* flint amplifier -uuc ii>itig an ordinary three-element 
utte cannot amplify the current i much. However, by using a shield 
grid (dotted brunch of Kin. 71) with the proper positive potential B\, 

Kq. (8) fives 

C 5M C p + C 9 f 


which givee 



m 



A m m 

'•* -e Bi di 9 


(16) 


Tin* rcijiiirtut that U - 0. The kind of tube used therefore plays an 
t«i|s»rti»ni part. Henoe from the plot of *„ against the grid current i„, 
the useful amplification A, can be obtained by the elope along this curve 
at a certain operating point. Equation (16) assumes that the leak 
ri-sjxt now r is infinitely high. The cathode of the photoeleef rio cell 
and the grid of the t«»N* are floating. Hence when no light affects the 
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photoelectric cell, the floating-electrode combination will collect by 
means of the grid those few electrons which are not passed on *♦> the pinto 
or returned to the filament. The negative potential, being built up 
finally on the floating-grid and photoelectric cathode combination, will 
stop any further accumulation of electrons. But aa soon as » h«* cell m 
influenced by light, its cathode will carry off the electrons across the 
cell to its anode and the grid potential will become more positive until 
the rate at which electrons come from the filament Is flit* same m the 
rate at which they leave the photoelectric cel!. Then the grid current 
i t is equal to the photoelectric current i. Since 


K _ „ _ 

dt, Kite, 9m r * 


(I?) 


that is, equal to the product of the mutual conduct mire mol inti-mu) 
grid resistance of the tube, the useful amplification A t would also ho 
equal to this produot. However, if it is assumed that no grid current », 


flows and an external leak resistance r acta, then e, - ir and 



circuit, of Fig. 64 can also be used 1 for photoelectric work, 
he cathode of the photoelectric cell Is then connected to the grid, that 

In ,ho n11 t ill.- JM» u nr }m!t> ,4 

a< r ionn battery to terminal P 4. The sere balance i* fir«» ntnik 
1 a system of this type i. described by C. it Rharp. Bketnmte ,, 2( |. twin. 
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when the photoelectric cell is not illuminated by connecting the single¬ 
pole switch on a and varying i?„ 8 . When the cathode of the cell receives 
light the off-balance is compensated as before by the voltage Ea if the 
switch is closed on b. This voltage is then again a measure of the photo¬ 
electric emission. 

62. Notes on the Indication of Currents Due to Unmodulated and 
Modulated Infra-red and Other Rays. —For certain sound-reproduction 



Fia. 74.— Relativ# oolor wmsi- Flo. 75.~8p«otml nerultivity dll- 
tivlty of photoelectric cell*. trihution in the infrenred r«ag®, 

\ 

and television work, rays covering the very high frequency spectrum are 


used. Therefore frequencies far beyond Hertzian oscillations are dealt 
with. If no modulations exist or are to be indicated, integrating deb¬ 
tors such as the bolometer, thermopiles, radiometers, which cover the 
spectrum up to 2.4 ix, cam be used. However, they are of no value if 
variations are to be indicated, since their action is sluggish even for very 
low frequencies. Photoelectric effects must then bo used. Figure 74, 
for instance, gives the relative color sensitivity of potassium, sodium, 
and caesium photoelectric cells, white Fig. 76 gives the results for the 
spectral response distribution of different cells in the infra-red region, 
like the Elster and Geitel photoelectric cells, the alkali metals with 
increasing atomic weight give a displacement of the limiting frequency 
of the selective photoelectric effect toward the long 
wave lengths. According to Fig. 76, the same holds 
true if about 10 per cent tellurium is added to a 
selenium cell, since its spectral sensitivity is then 
displaced toward the infra-red, which shows, there¬ 
fore, the effect of the added heavier atoms of an 
element of the same group. The electric conduc¬ 
tivity is, however, increased. Therefore it. is custo- 
mary to produce very thin films by means of cathode aedniatwi i tifrn-rud 
sputtering. In case of the thallium sulfide (thal- radUtiwi ‘ 
lofide) cell, transparent films can be obtained by evaporation. Such 
cells work in the audio-frequency band with a falling frequency character¬ 
istic in the upper frequency end of the band. .Other substances which 
respond to the photoelectrio effect in the infra-red and are suitable for 
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audio-frequency modulations ;iiv vrs ;.iM;■ • v *n'iu. 

molybdenite. Ulster ami <i*utt iI pls< ■ 
frequencies. The limit <>!' i he pin.i< r<-. :• ■ ‘ <*>•. tui 

what above 1.1 /u. In Fig. 7U ;i relluntire . !• j . 

red rays which are modulated wish audio frcqucnct 


Z/K 



The condenser C in used to prevent the direr; nil 


the grid. According to the frequency 


0.01 and I ,<f. 


"he reaistanee H 
f 
t 


Fig 77 ““—Bridge spit*- * .*»»**» w »> * *** 

ouit for itudyiug tbo “eriee with this selenium cell. Circuit* 
effects on a selenium ceil, electric cells are a* described in the prei 

53. Measurement of Very Small Grid Current*. Grid 
low as 10~ 8 /t& can be determined with an <trdimir> mm-m 
plate circuit by the method indicated in Fia. 78. Th* nmt 
on the fact that 
when no grid ei 
occurs along It 
current. The r 
switch S of the 
voltages until tl 
meter in the pla 
out. Points I 
characteristics f 
produce the same 
PiPi must be tl 

R and I\I\ the indicated current i in the 1 *• ■ ’ t». . n<i 

microammeter when S is opened. From **“* **" iJ «♦*«•««• 

fftetnlrmre f th u 8teepnjJ “/- ot th ® work oJwractertotie for H - <» »),. 
grid current can Ixi computed from 


Sinc^it^liffifr^ Vci7 SmM „ Ummt * mtl torntmimimn 
, u 1H dlfhoult to measure small current* directly, it i* * 

a y ™iS7 (3) by *“*““«» network*. 1, Z " , 

~ B mm " *.- 

reamng. Potentiometer arrangement* are welJ-knowi, «v 
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ternary attenuation boxes employ pure resistors connected along and 
across a line as indicated in Fig. 53 and described in detail in Sec. 36. 
For symmetrical sections, the input and output terminals of the attenua¬ 
tion box are interchangeable, but it is essential that the output terminals 
work into the load resistance i? 0 for which the sections are designed. The 
comparatively large input current Ii is measured with an ordinary 
thermoelectric indicator and the output current computed from / 2 = 
/i€“ a if a denotes the attenuation. Attenuation boxes are usually cali¬ 
brated in transmission units (decibels) in ^ 
order to facilitate the computation. They 
are useful when very small currents are to be 
produced in order to match their effects 
against an unknown current to be deter¬ 
mined. An example for the case of a small 
telephone current is given in the next sec¬ 
tion. Another application is illustrated in 
Fig. 79. A source passes a current h into 
an attenuation box of fixed attenuation ai which is in series with another 
attenuation box of adjustable attenuation <x 2 and a current amplifier whose 
output current 1 2 affects an indicator. The output current 1 2 is then 

I 2 m AJ (21) 


input 
I /oHep, 


■fef 


Box of fixed 
attenuation 
4 - 


Bqx of 
adjustable 

a ttenuation as Amplifier 




Fig. 79.—Determination of cur¬ 
rent amplification, by means of 
fixed and variable attenuators. 


if Ai stands for the current amplification of the amplifier. The quantity 
I 2 denotes the effective alternating-current value which is due to the 
harmonic input voltage. When the switch 8 is now thrown toward P j 
P 2 Pb P4, the indicator is connected through the box of fixed attenuation 
ai to the source and the indicated output current is 

U = I \€~ ax ( 22 ) 

Therefore, if for the first connection the variable attenuation a 2 is changed 
until the same output current is obtained as for the second connection 
(1 2 = It)., all currents cancel out when comparing both equations and 
Ai = S’ 1 *" 2 is obtained. Hence, the current amplification can be computed 
from this relation which is conveniently written in the form logic Ai = 
a 2 /2.303. For an attenuation ol% ~ 1, a current amplification of 22 X 10 8 
is obtained. When audio-frequency amplifications are performed, this 
procedure is especially simple, since the equality of the output currents 
J 2 and 1 2 can be noted by means of a telephone receiver. 

. It can be seen that there are manifold applications of apparatus which 
produce attenuated currents. 

65. Methods for Measuring Small Telephone Currents.— Figure 80 

shows two circuits by means of which the audibility characteristic of a 
telephone receiver T can be approximately obtained. In the circuit 
to the left a sinusoidal audio current I of desired frequency / is passed 
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through a potentiometer of resistance U anti the sliding contacts 
and Ki moved until the sound In T just disappears. When 7 n denotes 
the effective impedance of the telephone receiver and r (he portion of 
the resistance of the potentiometer which is in parallel with If, the 
smallest response current I, at a particular frequency is given by 


h " f+Yt 

The term S - —£-**- is known as the “sensitivity factor " and its 
r t* 'n 

reciprocal A = 1/S as the “audibility factor." It is approximately 
proportional to the square of the high-frequency current if the system 
, T shown to the rigid is used in the test. The 

<Q>^ . slider K is then moved until there is no 











. wmcr currenl Of the incoming wave in made 

audible by mean* of a heterodyne beat note or an autodyne detector 
(oscillating detector) and the beat note chosen (about 10(H) cycles/see) is 
.•quid to the frequency of the audio current impressed on the comparator. 
I la* sliding contact* along n and r 4 are then moved until the current from 
the receiving set haa about the same effect in the telephone as the current 
from the comparator. A better comparison can be obtained if the head 
set is slipped somewhat behind the care and the telephone alternately 
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is equal to Z t of the telephone receiver. After amplification in the tub© 
circuit, the current i p is obtained which can be decreased again by the 
variable attenuation a to some value 1 2 which flows over terminals e and 
g to the telephone receiver. Hence, when 1 2 is again made equal to h, 
that is, to the telephone current I t when the switch S is turned toward 
the right, the gain Ai in current amplification is just compensated by the 
loss €~° i in the attenuation box, since the alternating current in the plate 

branch is then i v = AJi and the output current becomes 1% » i p t . 

Hence, if the telephone for t a certain frequency gives the same response 
when S is to the left as when it is to the right, 

It = h = = AJi = h (24) 

Therefore, when the much larger current i p is measured, the telephone 
current can be computed from 

It = (25) 

since a of the attenuation network is known. If a is unknown for a 
known current amplification A i7 there is for the above adjustment 

Aie- 01 = 1 , 

and I t can be calculated from 


h = J (26) 

The variable attenuation network in Fig. 82 should not be confused 
with the shunt method indicated in Fig. 80, since the variable resistance 
Ri acts across the outgoing line and the variable resistance /£* along the 
outgoing line (L-shaped filter network as indicated in the figure) but in 
such a way that it always produces the same load resistance in the i p 
branch. 

66. Determination of the Harmonic-current Content of a Distorted 
Current—With distorted alternating currents of commercial potter fre¬ 
quencies, the current wave is usually photographed with an oscillograph 
and the oscillogram obtained analyzed by means of Fourier’s series, 
unless the harmonic-resonance method of M. J. Pupin 1 is used. This 
method is greatly improved if the distorted current heterodynes with a 


Ajr 1 M. J., Trans.-A.I.E.E., 11, 523, 1894; Am. J. Sd., 48, 879, 478, 1804; 

„ ' „ PIN and Armagnat, J. Phys., 1, 345, 1902; For further developments see 
. „ A® gel and C ' Moore > BeU System Tech. J., 3 , April, 1924; C. R. Moore and 
A S. Curtis, Bell System Tech. J., 6 , 217, 1927; A. G. Landeen, Bell System Tech. J., 
6 , 230, 1927; J. W. Horton, Trans. A.I.E.E., 46 , 535, 1927 (gives a clear exposition 
of empirical analysis of couplex electric waves); M. Gruetzmacher, E.N.T., 4, 538 
1-927 (describes an improved method for sound analysis by means of the heterodyne 
method similar to the one described by A. G. Landeen). For simplified harmonic 

-f™ v!’ f r ° C - LR - K ’ 18 ’ 178, 1930; A ' W - B ^ber, Electronics, 1, 

E Meyer EA T Tutim*"* * hamonio microphone currents, 
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current et variable frequency. The amplitude* of the 

.. m """ by lew-frequency beat current, produced 

the particular harmenie and the efeeeoldal rearoh current The 
beterodyne method which norite, ua. of the selectivity at a frequency 

m <m ' 1 11 * it5 0lirreri ^ ^ applicable to the accurate meiiH- 

urvmrnt of any individual harmonic, even if small compared with the 
prmmtm of other larger harmonic components, 

Iteferenee is made to the vector diagram of Fig. 83 for the original 
resonance method. When a sinusoidal current I of frequency «/2jr 
PT** ,h . r,m,th ®" i,u,M f ,anw L •»<* eondenaer C, for resonance one has 


K 

mmmmammm 


‘ST* * " iLj h Rt ” 1 " 

which hold* for tiny harmonic component (m m I, 2, 3, 4, 5, • • • ). If 
f * to m adjusted that remittance extot* for the pth hannonic (m » p), one 
tm» (mi. * l/fpwf*); that to, m*CL - 1/p*. For any other harmonic 

component, the intensity 


/«* + «w! 




can lie used to del ermine to what extent any of the other harmonic 
component* affects the reeonanoe setting m - p of a certain harmonic, 
rhereforo, when a distorted current to to lie analyzed, It can tie done by 
the corresponding voltage drop across a noninduettve resistance through 
which t flow**. The circuit to then a* in Fig. 84 if » resistance r of a 
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few ohms is branched off from a low-resistance potentiometer P X P 2 with 
a rough and finer adjustment in order to apply a suitable voltage 
E toward a low-resistance shunt circuit consisting of a coil L, 11 and a 
variable condenser C. This branch is tuned to resonance for the har¬ 
monics and the resonance voltage measured by a suitable high-impedance 
voltmeter. Most of the tube voltmeters described in the next chapter 
will do. The deflection of the voltmeter is then a measure for the har¬ 
monic intensity. A cathode-ray tube can also be used if either L or a 
portion of it acts as the deflection coil. If a magnetic deflection is incon¬ 
venient, one deflection condenser of the cathode ray may be connected 


Distorted current 



Fig. 85.—Current analysis using a two-stage tube voltmeter. 


in multiple with the tuning capacitance C . In each case, the magnetic 
and electric deflection, respectively, is a measure of the harmonic-current 
intensity. The voltage step-ups across the coil and the condenser for 
resonance ar ermL/R and 1 / (muCR) for any harmonic and can be from 
50 to 300 fold when the effective branch resistance R is low. Although 
at resonance for a low value of R the resonance voltage across L, R is 
essentially the same as across C, it is not immaterial whether the volt¬ 
meter is connected across the inductance or the capacitance. When 
more discrimination is required against harmonic components of lower 
requency, the voltage should be measured across L, while against hur- 
mornc components of higher frequency the voltage across C should be 
used. The reason for this is that, for a constant impressed voltage E 
the voltage drop across L below resonance (frequency of current less than 
^ I ' ~ ~j natural resonance frequency of circuit) is leas 
r c I tllan across T ^ e opposite is true for fro 

3 (/)/, ! policies above the resonance frequency. 

rre^ncy n^eterA -j With. a fixed input resistance r this method is 

Fig. 86 .— Frequency-meter USe on ^y for the harmonics which are COXX 1 - 

content. for finding harmonic paratively strong. It would be impossible, 
r * or ^stance, to indicate harmonics which m 

J a f r per + c , ent v and especially when less 1 per cenHei th^ 

shoirfnFig 84 Idm ia £ aSOn dther the double ' ta P Potentiometers 
• 0 V g '. 84 d Flg - 85 > or a variable mutual inductance M, as 

m ^ 86 ° an be US6d - F ° r the of Fig. 85 the grid bLs ^s S 


Frequency nrmter-^^ _ J 

F!G. 86.—Frequency-meter 
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high that for no distorted current I flowing toward the multistage tube 
v*ll meter, the milliammeter just rasters sero. The advantage of using 
« mutual inductance tut in Fig. 86 is then the following. Suppose t he fre¬ 
quency meter (wave meter) is of the simple type where the current 
indicator i» directly m erred m t o. ,.ji;it«»r i/,.., r, circuit.). If the fre¬ 
quency meter is tuned to the mth harmonic, the harmonic resonance 
current is then 

„ _ muM,l m 


( 28 ) 
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From this, the value for consecutive harmonics in computed 

which gives, according to ( 30 a), the factor to N* multiplied with the 
measured resonance current /», sine© k is a constant. 

For the higher-frequency range where uL t of Kq. (SO) is gonondiy 
very large compared with lt s , the equation simplifies to 


U a K l h 9 


if the constant is now 






tions. The values of R„ at different harmonic 



/* will divides itself into a portion i m whie 
im' which flows through the LC branch * 

Honee, i m r m - ij li and, sine© the voltage applied to the tub© is K, 








which miperimpoaea the griddUament voltage 


h* j»» 


on the desired voltage 

ft § 


it _ t* 

«* • gggf 

(86) 

when* 


•v - r i x 

(35a) 


wt»«* the second bannonlo current t % which is tuned out splits into h 
through r, imii tV throng the CL branch. But for this tuning uKL » 

0 « (rtnm 3wf. - 


- 0 tod the superimposed voltage due to the 
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fundamental becomes 


Neglecting the effect of all other harmonic currents (which hi m»**i 
cases is small), the effective voltage applied to the grid and filament w 

B, - VbsTb? ( 3 ?) 



- —. —— -.— 

tuned to 100 eycles/seo, a very small harmonic amplitude can U- mdi- 
catod. This can also be done by using a tuned audio-frequency atnphher 
with an indicator. 
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Generally when tin* search current and test current act in tin* grid 
branch of a vacuum tube (which has a bias such that its plate current 
Junt disappears without variable voltages on the grid) » direct-current 
meter in the plate branch registers a direct current, since plate currents 







124 


hiqh-frbqubncy measurements 


I i ** jgpj (39) 

The frequency of I is then varied until again alow swings an* obtained 
and. the second-harmonic content is computed by means of the difference 
i *= t| from 

It m (40) 

and so forth. The above formula* are baaed upon the fart that for a 
square-law tube voltmeter, a variable grid voltage of maximum value 
e„ ■> E + A** - I lit + IJi\ will produce a variation f, in the plate 
current I p according to 

i p " k%e t + *»«** 
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* wh fin adjustment become* impoaaible, H t is not varied and the voltage 

dw ,h *‘ w, ;,r ‘ h cum * nt *» measured with the tube voltmeter fur each 
near-harrnonle eet ting from the corresponding * reading 

i mare 88 shows a bridge circuit for which a direct-current balance 
uf the two plate currenta exists. A sensitive indicator can then be used 
to detect very weak harmonic currents. This indicator can be of the 
vihmtkWHtalvanometer' type. A fixed tuned audio-frequency output 
branch cm is* used instead of the indicator which works into a stage of 
audio-frequency amplification and then through a rectifier into a direct- 
inirrrnt indicator, The circuit of Fig. 89 uses such a scheme. The 


Wm« 9§^ :i &mrmmk mm (ystr. 

sinusoidal search current / is then applied through a suitable resistance 
« to the common input tend of the two twists in push pull. It, denotea 
high iwtoUMM and no grid bias is used. Under such conditions the 
output modulation Is proportional to tlm mmtter of the respective input 
and »*»t affected by tire larger input curreitl. The amplitude 
in the output eat) then be determined entirely by the amplitude of the 
small harmonic content to be memnued. 

f%ure 90 shows an arrangement to which the sinusoidal search 
current t of variable frequency again produces, with any consecutivo 


mm** ** 

<*• a 

Wm. 00 .— Barmoala rest pm. (Ci » 0.90a/; 0* » in#*/; (h «* 

harmonics of tire distorted teat current L in the first rectifier circuit, a 
slow treat proportional to / and the amplitude of the particular harmonic. 
Tire filter pawn* only currents Wow 90 cyeles/see, in order to make 
the analysts also fit in the audio-frequency band. The slow-beat varia¬ 
tion is then amplified and again rectified to affect a galvanometer. 

Tigure tit shows an arrangement by meant of which distortions in 
earlren microphone transmitters can be studied. A constant sinusoidal 

• T«*r nwNwre, m used to the Geared Radio oseiUogmph, since then the natural 
t*'0**t «rf tire vibrating siring can he readily adjusted to the beat frequency. 











search current 1 is passed into the bridge circuit when a purr tone of 
frequency / affects the microphone. If / denotes the microphone 
current of constant resistance Bo and variable reeistanee component /»*, 
for a search frequency /, near the frequency /, the voltage across the 

microphone is 

E = [itv + B a* 11 sin 2wf,t 

= llta sin 2r/»f 4* -g- com 2ir(/, — /)< — era* 2r(/, + /3f < IIJ 

If (? is an alternating-current galvanometer with a natural vibration of 
about 50 cycles/sec, it will respond to the difference volt age of frequency 
j a —f = §o. For distortion in the microphone, responses will also !*• 
registered by this Instrument if/, sweeps over the miiliipledmrmomc 
range, while for no distortion the galvanometer will only respond for the 
fundamental frequency. 

Generally If a distorted teat current 

i, = Jo + /) sin (wf - v>t) + /* *ia (2«l - yn) + * * • /*. *ln (m*d - *») 
acts in one branch of a dynamometric instrument {for instance, the fixed 
coil of an audio-frequency wattmeter) and the 
. A _..... sinusoidal search current 


ft* i • / sin (mtd - *„') 

2 in the other branch (movable mil, for instance), 


*“• hSF ‘ then mi|( ' h htrger ‘ban that of the current, 

deflection then is 


/.eoa(v>* - *„*) 


Hence, when <p m ' changes, the dctleetion d changes also and mn nmnm 
deflection takes place for «>„' - <fim for which condition 

dtMM ** np (--1,1} 

Since the dynamometer constant, k mn is* found experiment slty, mtd / 
from direct measurement, the interiMt v /«of the harmonic current ran Is* 

computed. 


67. The Moullin Repulsion Ammeter. An instrument of Out tyjr' 
can be made to work up to 30 Me ec, .md 25 amp, The meter e»mwtt,t 
of two parallel copper cylinder* one for the go and the other for the 
return of the high-frequency current to be measured. One cylinder is 

fr«U ! T2 K «!i: B ;’ Pw - **■ **• A, 2*1, It, ItKW; J in,, Hhr 

tetmdoa), M, 54*, uk«|; ,IU-,..,j „ M J thnN. «„l K Jt St 

I. Inst. Elec. Eng, (Ijmdm), 69 . 1173 , 1030 . 
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fixfd in jHwifion and the other mounted so that the repulsive force 
between both conductors can be observed with a microscope and by 
fhe movement of a thin quarts pointer attached to the middle of the 
optically mounted cylinder. In order to exclude the effects of the 
external magnetic fields, the two cylinders am surrounded by a heavy 
copper tube. Since the geometry of this arrangement is comparatively 
simple, tin* correction term due to the skin effect can be computed. It 
can la* shown that the correction term approaches a limiting value and 
does not increase indefinitely as with ordinary thermal meters. If D 
denotes the spacing between the two copper cylinders of diameter d, the 
repulsive force F at any frequency w/2* which causes the deflection can 
tie computed from the scries 


F 


27* 

7F 


i + 


1 d 3 


, 3 d* 
+ Bl)i 



(44) 


if for a specific resistance p of the two conductors z - rwP/p is larger 
than 3.6. At very low frequencies the effective value of an alternating 
current 7 produce* the force 



(46) 


while for perfect conductivity and an infinite frequency, the force 
becomes 


F 


27® 

/ J I’* 


(46) 


since within the two conductors there can no longer be any lines of 
force and each envelope of the cylinders must coincide with the lines of 
magnetic force. From this formula it can be seen that the increase 
of force is small m long as the spacing is much larger than d. Thus for 
r > tO and D/d » 1.5, the ratio of the force at frequency u/2ir to the 
force at ssero frequency is as small as 1.032, while for 
D/d «■ 4 it is only 1.005. 

68 . The Hot-cathode Ammeter.—Any of the tube- 

voltmeter circuit* described in the following sections can 
be used to measure currents by passing the current 
t hrough a low-resistance branch (so as not to affect the 
current too much) and applying the voltage developed 
to a tube voltmeter. A thermionic tub© can also lie £“{•. 
um%t tw shown in Fig* 02, whore the unknown high- 
frequency current 7, partially heats the filament and changes the space 
current /,, whose reading is a measure for 7®, if 7« is kept constant. The 
inserted choke coil prevents the high-frequency current from passing over 
the A battery. The method can be made more sensitive by using an 
indicator which measures only the changes 5/„ due to J» and using a 
filament which has a low electron affinity. The choice of the steady 
filament current /„ plays an important part in this instrument. 





AAwrtMi t a " " «TT *r rw ** ww * *«»*w«ii****»»w V mmmi mm 
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ci*nurc’ft><l across L u and L x is varied until a voltage K in indicated, the 

result in 


E. - 


L 

r, 


( 2 ) 
















m that m much of the entire voltmeter 


*•«• 

Chooeta* € of mch * value that #* to negligible with 
Hwpeet to l/«eC 


ruiTt'oil design (Wwton) of thto type has a voltage range up to 20 volte. 
The full-seal# deflection mhihImi 2 ma. Unices a symmetrical design 




Pu7»»T*l/ 



I 


' J Am, tmt. Ktrr Km„ 4#, 44®, t®*4. 
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of this kind and no half-split screen is u « <i, she uwier will work -aii;, 
factorily only up to about 3 ko/see. In the high-frequency range m 
would give certain deflections If the voltmeter lermnwl- I‘.V- me -!i..rt 
circuited, a certain deflection with only Pi connected, ami some other 
disturbing deflection with only Pj connected. 

61. Notes on Electrometers. —Such instruments work mi t he electri.. 
static-repulsion principle and act like condensers. It is therefore mmm- 
sary that electrometers with small effective capacitance be used. The 
quadrant electrometer consists of two fixed quadrants and n suspended 
needle. The latter is usually charged to a steady potential of HtH v»*|r v 
and the voltage to be determined la connected across t ins fixed qtuadmnta. 
The needle is attracted toward one of the quadrant* mtd tejs lli d by On 1 
other and the final deflection ia a measure of the difference of the applied 
voltage. The rate at which the needle moves is a measure of the current 


As shown in Sec. 60, special electron tubes etm Is* used tiwlny to m* tin 
minute currents which exceed tin* sensitivity of electrometer*. The 
Dolezalek electrometer is shown to the left of Fig. 117. A light figure- 

eight-ahaped vane to suspended by 
T phosphor bronsa or a ptatinutniaed 

o Mirror quart* filter between the quadrants. 

X —( V-i ygjjjsg T Th ® [ml ,,f * oylindrtetl 


plays a part in alternating voltages 


are connected to the same potential with respect to the e 
ductor. Then the applied voltage can lie either direct 
since the vane is turned in the same direction. The defiec 
mately proport ional to the square of the applied veil a 
known Compton electrometer differs from the Itnlewdek 
as the floating needle is slightly tilted along its axis and « 
moved somewhat above or Mow the plane of the three „t 
A much greater sensitivity is then obtained. Since for l h< 
of alternating voltages the idiostatlo connection to used, > 
denser-shaped electrometer can lie used. It to then know* 




shaped aluminum plates which float to*tw,-.-,. *w» , s „ 
One set of the fixed plates and the floating system are cot 
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voltage terminal, while the other set of fixed plates leads to the other 
voltage terminal. This instrument measures from about twenty-five 
up to several thousand volts. However, the large period of oscillation 
and its effective capacitance is a drawback in high-frequency work. It 
is then customary to use a B. Szilard 1 electrometer. The movable 
system consists of a thin but stiff needle and a wire of circular shape which 
can turn into a quadrant. The effective capacitance is then as low as 
3 ggf, while with instruments of the above types it may be as high as 
1 (H) m «f. Another suitable type of high-frequency electrometer is the 
string electrometer of C. W. Lutz* (Fig. 98). A Wollastan wire about 
0.001 to 0,002 mm in diameter and about 5 cm in length is stretched 



vertically. On each side of the thin string are electrodes whose sidewise 
relative position is adjustable. The idiostatic connection is used again 
and the deflection curvature of the stretched string is observed by means 
of a microscope and ocular micrometer. The self-capacitance is again as 
low as 2 nfif. The double*-string electrometer in'Fig. 99 consists of two 
platinized quartz filaments connected at the lower end to an elastic 
arc-shaped quartz mounting. If the two filaments are charged to the 
same potential, they will spread as indicated. The spread is read by 
means of an ocular scale. Although the sensitivity of the Lutz galva¬ 
nometer for a proper tension of the string can be so adjusted that steady 
voltages from 0.001 volt to about 100 volts can be measured, this is not 
true for high-frequency voltages, since the square law prevails and no 
auxiliary direct voltages for increasing tho sensitivity can be of use for 
alternating voltages. But high-frequency voltages from a few volts to 
about one hundred volts can be readily measured. This is also the case 
for the Wulf electrometer. 

'Phymk. Z., Iff, 209, 1914. 

* Phynik. Z., 18, 924, 1912. 

8 Wuw, T., Phytih. Z., IB, 250, 1014; W. F. G. Swann, J. Am. Optical Soc., 11, 

875, 1926. 
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In order to increase the voltage mage to .011 higher value., suitable 
air condensers in series with the electrometer can be used or the elect,,,- 
static voltage divider described on page 128 can be employed. 

The calibration of such high-frequency electrometers can be done 
with steady voltages taken from a direct-current rource. However, it 
should be remembered that the Instrument when acted upon by alter¬ 
nating voltages measures the arithmetic-mean value and not the peak 
or the effective value. Therefore, if the form factor of tlx* voltage is 
known, the effective value can lie computed by multiplying t he measured 
value by the form factor. For sinuaoldal voltages the reading is ‘Multi¬ 
plied by 1.565 to obtain the peak value, since this la the product of the 
form factor 1.11 and peak factor 1.41. 

62. Notes on Spark-gap Voltmeters. Wry hwh p*<t. ■ >».,* 

also be determined by the sphere-gap voltmeter. The sphere. between 
which the spark takes place should be polished to prevent premature 
ionization and producing a breakdown at somewhat tower * 
Although the spark-gap voltmeter for a known jrak factor (for m-i.mr, 
for sinusoidal voltages) can lie calibrated in effective value, it «■ 
more accurate to work with peak values for highdmiuenry work. The 
sparking distance is adjusted so that a spark can just not exist and the 
voltage corresponding to the spacing is taken from » califnatom chart 
It is best, never to work with a sparing I between the sphere .* , < Sl 
larger than about three times the diameter t) of the sphere. The rim 
of the spheres for still higher voltages is then chosen larger. Glow 
discharges must be prevented, and the lead-in wire# should never have a 
diameter larger than about 0.2£>. The spark gap should be built up 
symmetrically. A sphere spark-gap voltmeter has the advant tge over 
the spark-gap voltmeters with electrodes of other nhape* because the 
breakdown voltage changes but little up to 25 ke/aeo. For frequenckw 
as high as 100 kc/aoc, the calibrnttons taken at oonunereiitl power fre¬ 
quencies are about 10 per cent too high. Therefore it la customary to 
use the low-frequency calibration only as a rough guide, For a sym¬ 
metrical sphere-gap voltmeter of sparking distance ! and sphere diameter 
D both in centimeters, the peak value in kilovolt* can be computed 
approximately from 

E - V3el m 

m 

where 6 is in kilovolts per, centimeter ami given by 

tm 


6 - 19.3p l + 


0,76 



for the relative air density 
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if p is the atmospheric pressure in centimeters of the mercury column 
and T the absolute temperature in Kelvin degrees (273 -f centigrade). 

The quantity m in (8) is given by 


m *» 0,25 


21 


+ 1 + 




+ 1 


+ 8 


(6c) 


Therefore it can be seen that for a constant room temperature a linear 
law exists between the atmospheric pressure p and the relative air 
density. Table III gives a low-frequency calibration for the peak values 

of a spark gap which may be used as a rough guide. 


Tabus III 


Length of spark, 
centimeter 

Peak voltage, volts 

For D - 1 cm 

2 cm 

0.02 

1,560 

1,530 



2,430 

0,00 

8,300 


0,08 

4,050 

3,990 

0.1 

4,800 

4,800 

0.2 

8,400 

8,400 

0,3 

11,400 

11,400 

0,4 

14,400 

14,400 

0*5 

17,100 

17,100 

0,5 

19,500 

' 19,800 

0,7 

21,000 

22,500 

1.0 

28,400 

24,900 

1.1 

24,000 

27,300 

1.2 ' 

26,500 

29,100 


63. The Corona* Voltmeter,— This method employs a perforated 
cylindrical electrode which is surrounded by a somewhat larger cylindrical 
electrode and well Insulated from it, while a test wire whose corona voltage 
is to be measured lies along the axis. The perforated electrode is con¬ 
nected to ground and to the positive terminal of a battery (about 100 
volts), while the negative pole of the direct-current source is connected 
through a sensitive galvanometer to the external cylinder. The gal¬ 
vanometer in In multiple with a resistance and uses a series resistance 
besides. If a sufficiently high voltage is applied between the axial test 
wire and the ground, a certain conductivity will set in between the cylin¬ 
drical electrodes to start ionization in air. It is more convenient to 

1 Whitshrad, J. B., and N. Inoijyb, J. Am. Inst. Elec. Eng., 41, 1,1922) a more 
detailed description, J. B. Whitehead'and T. Isshiki, J. Am. Inst. Elec. ^ 38 , 
May, 1020; in 1004 (Am. Inst. Elec. Eng., 101 ) H. J. Ryan indicated the possibility 

of using corona for measuring high voltages. 
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temperature effect will become small. If the shapes of the electrodes are 
properly chosen, the frequency factor also becomes small. 

66. The Cathode-ray Tube as a Voltmeter. —The cathode-ray tube 
described in Chap. II forms a very convenient means for measuring 
peak voltages up to very high values. For low voltages a hot-cathode-ray 
tube with a comparatively small accelerating voltage (300 to 600 volts 
on the anode) is used to obtain a beam which is not too stiff and having 
a very high voltage sensitivity. One deflection condenser is used to 
measure the peak value by means of the half of the length of the linear 
trace of the fluorescent spot. A voltage sensitivity of about 1 volt/mm 
deflection is possible. For very high voltages either the deflection 
condenser is connected in series with several condensers in order to have 
an electrostatic volt divider or an external deflection condenser is used 
in connection with the voltage divider. The voltage Sensitivity of the 
tube is then cut down by increasing the gap of the external deflection 
condenser and by using a stiffer beam. With this method it is essential 
that only the electric field of the deflection condenser be effective in 
producing the deflection of the fluorescent spot. Careful shielding is 
also necessary. Since the capacitance of the external deflection condenser 
can be made very small and the leakance negligible, this type of peak 
voltmeter practically does the work of a true electrostatio device. 

66. Notes on Tube Voltmeters. —Fundamentally most tube volt¬ 
meters respond to positive peak voltages, since there is always an effect 
on the plate current sis long as some instantaneous value of the applied 
variable voltage to be detected is positive. Hence, when an ordinary 
two-element thermionic tube is used and an unknown voltage is applied 
between the plate and hot cathode, space current will flow whenever tho 
plate goes positive. 1 To annul the plate current, it is necessary to apply 
such a steady negative potential to the plate that its magnitude is equal 
to the positive peak value of the variable voltage to be measured. This 
is followed up in more detail in the next section. Where the voltage to 
be measured has a simple known wave shape, the effective value can be 
found by the peak factor. Thus, for a sinusoidal voltage, the direct- 
current potential which just compensates the plate current is divided 
by 1.41 in order to obtain the effective value of the test voltage. The 
two-element tube can also be used without an auxiliary steady voltage, 
since the plate current produced by the test voltage is a measure for It. 
The tube then acts as a rectifier and sinusoidal test voltages can be cali¬ 
brated directly in effective volts. Although this direct-reading (by 
means of a calibration curve) tube voltmeter has the advantage of 

1 This fuwtmwH that the initial velocity of tho electrons to aero which to not quite 
true, since a small current will flow even with an oquipotontial cathode connected 
directly to the plate without a B source. This small current due to electron pressure 
however, can be balanced out. 
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simplicity, it cannot be used to measure voltages on systems which have 
a high internal impedance compared to that of the tube voltmeter or 
for voltages on open circuits since the current which produces the indi¬ 
cation is taken from the test circuit. But for many purposes the rectifier 
type of two-element tube voltmeter has advantages, since its range can 
be greatly increased by inserting suitable resistances in series with the 


tube.- The two-element peak voltmeter with the auxiliary steady voltage 
to compensate the plate current, of course, also has a very wide voltage 
range, without the need of a more sensitive plate indicator as required 
for the higher voltage range of the rectifier type with a high series resist¬ 
ance. However, the peak voltmeter also has its drawbacks. The 
auxiliary voltage must be carefully adjusted at a region of the tube char¬ 
acteristic when it gradually approaches its zero value. Hence, the peak 
voltmeter cannot be of much use for the determination of small peak 
voltages. But this can be partially remedied by using a three-element 
tube utilizing the amplification factor of a tube. It is then known as 
the slide-back voltmeter” because the test voltage is connected in 
series to a direct voltage taken from a potentiometer and the series 
combination connected across the grid and filament of the voltmeter. 
As with the two-element tube, the potentiometer slider is moved to 
negative voltages until the plate current just disappears. Hence, like 
the two-element peak voltmeter no current is drawn from the test circuit. 
Like the two-element tube, the three-element tube with a grid can also 
be used with a calibration curve to read the effective values of sinusoidal 
voltages directly by noting the change in the plate current when a test 
voltage is applied. So that no grid current will be taken, that is, current 
from the test circuit delivering the voltage to be measured, the grid 
mrcurt uses a fixed negative bias for which there is no grid current. 
Jr® three-element tube then acts as a detector and is known as th© 

ou n tube voltmeter. As shown in Sec. 69 these voltmeters can 
be operated either by the plate-current grid-potential curvature or by 
the curvature of the grid-current grid-potential characteristic, since in 
each case the three-element tube gives rectification action without 
absorbing power from the test circuit and possesses a comparatively 
small input capacitance. When only the changes in the plate current 
are-indicated by a meter, the sensitivity of the voltmeter can be greatly 

deTJr? ,° r J T*?? CUr I ature dH ”/ d2e °’ but only to a limit which is 
etermined by the Maxwellian velocity distribution. Therefore it is 

customary to choose a plate potential so that the change in the average 

, CU or a gl ^ en test volta ge gives a maximum ratio to the current 
produced by the plate battery. For plate rectification (employing 

‘MorniH, E. B., andL. B. Turner, J. Inst. Elec. Ena (London) 60 706 low 
E. B. Motjllin, J, Inst. Elec. Eng. (London) 61 2QS i<m. w m /a, 
1922; H. G. Moeller, Z. £, ' W °* d ' W ' l ’ 
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plate-current, grid-voltage characteristic) this maximum condition usually 
occurs when no B battery at all is used, that is, when the plate is con¬ 
nected through the indicator to the positive end of the filament. This 
is also borne out in experiments with the Hohage 1 voltmeter which like¬ 
wise uses t he curvature of the plate-current plate-potential characteristic. 

The tube voltmeters which measure the peak voltage with the slide- 
back method do not depend upon the shape of the work characteristic, 
knee at the time of reading the plate current, just disappears and the 
effect of the auxiliary voltage just balances the peak value. However, 
nil tube parameters play a part where direct-reading tube voltmeters 
(with calibration curve) using the rectification action of the tube arc 
concerned. Although in the case of the determination of sinusoidal 
voltages, the alternating-voltage calibration always holds, it may be of 
interest to see what happens in the case of distorted voltage waves with 
such voltmeters. 

Suppose a tube voltmeter with a grid working on the lower curvature 
of the grid-voltage plate-current work characteristic is used. When a 
distorted voltage «, is impressed, for a negative grid bias E e the effective 
grid to filament voltage is of the form 

E t ** E e + E\ sin 4- A'* sin 26 + * • • 2? m sin m$ 


$fi 


where 6 — td and E* such that no grid current flows. Since, according 
to the rectification law, only the average value of the change i p in the 
plate current l p due td <v is of primary interest, for an external load 
resistance R and the abbreviation p ■» — i p R, the characteristic 

work equation is 





for the function 


F{E) 



- F[E b - rji + m 


if Et, denotes the voltage of the plate supply and the small effeoi due to 
the initial velocity of the electrons is ignored. This effect would require 
a small term added under the function sign F to the right. Equation (8) 
is to be evaluated to find what a tulxi voltmeter of the detector type 
actually measures. When p is small, Eq. (8) simplifies to a straight-line 
law, since only the well-known linear amplifier relation 


- ipR 

tp » pm m _- 

1 Hohaob, K., “Teeh&iaohft Mitfcoilungem der VomichHtkompftgnfo No. 

% p. 21, 1017; IleUtm, 28 t 193, 201, 1919; K. 4 Soaderh., p, 128, 

1919. 
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remains. This does hot apply to this case, since this is a curvature 
of the work characteristic. Therefore at least the terms of Eq* (8) up 
to the second derivative must be taken into account* Doing this for 
a sinusoidal test voltage e g = E x sin 9 and a milUammeter of negligible 
load resistance R in the plate branch gives 

(X 

p — — e (1 «=» g m e g 
t p 

and the corresponding variation 

*> - M eW + ~T~ dW 

in the plate current I p (Fig. 101). Since the plate meter indicates only 
direct currents, the change in the direct current must be produced by the 
average value i„ y of i p> that is, by 

_. QmEi dip 


2 tt dE 


i 


MB 4- 
sm MB + 


■ I sin* 9d0 

“ 0 + L T~«r 


eg - E t am B 


AEi* ( 9 ) 

since for a given operating region the curvature d i I p /dE % may be taken 
constant and A may also be taken as a factor of proportionality. That 

such an assumption is justified with a 
properly designed tube voltmeter of this 
type can be seen from the work char¬ 
acteristic shown in Fig. 87 where the 
square law holds over the straight-line 
portion of the E», V% characteristic 
extending over a grid-voltage range a*» 
much as 20 volts, half of which eorro- 
time sponds to the maximum grid swing of a 

Fig. 101.—Showing why the plate- Sinusoidal test Voltage. This expert- 
current reading changes by an amount mental curve confirms the theoretical 

w*ufc of Eq. (9) which states that the 

increase of current indicated by the plate meter is directly proport ional to 
the square of the amplitude E 1 of the sinusoidal test voltage. The same 
result for the rectification effect i„ is also given by the rectification law. 
For a distorted test voltage 

e„ = Ei sin 6 + E 2 sin 26 + E t sin %6 + . . . E m sin m g 
the increase in the plate-current reading when e, t acts is 



•Plate current meeting 
when eq acta 


Plate current 
before eg 




,w. 


+ Ei 1 + -f- • . 

= A[Ei* + E t s + #»*+... Em *J (IQ) 

if it is again assumed that the derivatives d s I p /dE*, d*I v /dE\ etc., am 
negligibly small compared to the curvature d*ljdE 3 of the lumped tube 
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characteristic which for a plate meter of negligible resistance is practically 
the same as the curvature d 2 IJdE g 2 of the operating portion of the 
plate-current grid-voltage characteristic. It is known from ordinary 
alternating-current theory that the harmonic voltages act in quadrature 
to each other since they are of different frequency. Therefore if Ei, E u , 
etc., denote the corresponding effective values which are obtained by 
dividing the peak values E Xj E 2 , etc., by \/2, 

i ftV = 2A[E X 2 + En 2 + Em 2 + ■•■••] (10a) 

where V E x 2 + E n 2 + Em 2 denotes the resultant voltage. Hence, 
with the above assumptions which are readily satisfied (for instance, by 
experimental characteristic in Fig. 87) a detector-type tube voltmeter 
with a calibration curve for the effective current values will also give the 
correct readings for the resultant effective value of a distorted test voltage. 
A more detailed analysis gives 

Eg — E c + Ei sin 6 + E 2 sin 20 

e g 

and the fluctuating plate current 

I P = F(E„) = F(E C ) + F"(E c ) El2 + 

+ F'(E C )[E! sin d + Ei sin. 20] 

_j_ 008 cos 40 

+ F"(E c )EiEi sin 0 sin 20 
+ terms due to higher derivatives 
where F', F" stand for the first and the second derivatives, 
current I„ indicated by the plate meter is therefore 

— F(E C ) + F"(E C )~ il±A 2 

when, variable increase iav of plate current 
does not act dme to e a 

which is superimposed by two currents of single and double frequency as 
the grid components as well as two .currents of twice the frequencies of 
the two components of e g . The last term evaluated in (11) yields the 
product of sin 6 and sin 2 6, that is, gives a modulated current because its 
amplitude F ff (E c )EiE 2 sin d waxes and wanes in synchronism with the 
double frequency. This current can then be decomposed as in 

F"{E c )EiEi sin 0 cos 0 = -F"(E C )^2 [cos (20 + 0) - cos (20 - 0)] 

= -^"(Ey^tcos 30 - cos 0] (13) 

where 6/rt may be imagined as the carrier frequency and 6/2irt as the 
frequency of the modulation component. The degree of modulation 


. ( 11 ). 
The plate 

( 12 ) 
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depends on the curvature F"(E 0 ) of the static characteristic and has 
nothing to do with the indication of the direct-current meter in the plate 
circuit unless the mechanical or electrical system of the plate meter goes 
in resonance which can be avoided by using a large by-pass condenser 
across the meter. From this analysis it can also be seen that for no 
curvature, that is, a linear portion of the work characteristic, neither 
rectification nor modulation is possible. The first part is of interest here 
because under such conditions the plate meter could not detect test 
voltages. 

If the Taylor’s series in Eq. (11) were extended to the third and 
fourth derivatives, the change w noted in the direct-current meter of the 
plate circuit would not respond to the actual effective value of an impressed 
voltage. 

67. Tube Voltmeters for Measuring Peak Voltages.— Such volt¬ 
meters make use of the fact that the thermionic plate current in an elec¬ 
tron tube due to a variable accelerating voltage can be made zero by 
applying a suitable negative potential to the system in order to balance 



Fig. 102.—Peak voltmeter using a two- Fio. 103. — Peak voltmeter lining * 
element tube. three-element tube. 


out the peak value of the variable accelerating voltage. Figure 102 gives 
the case of an ordinary two-element tube which can also be a three-element 
tube with the grid and plate connected together. P t i J a denotes the input 
terminals which can be bridged with a suitable resistance or coil to give a 
closed circuit (according to the measurement to be carried out). The 
tap Ti of the potentiometer across the filament battery for the tap Tj 
connected to the positive terminal of the' B battery and PiP* short- 
circuited is moved until the direct-current meter in the plate branch jud 
does not indicate a plate current I P . The test voltage is applied to the 
PiP 2 terminals and T 2 moved to the right until the plate current /, 
again just disappears. The indicated steady voltage E is then equal to 
the peak value. The voltage range of this meter is large as long as a 
direct-current source of a voltage at least as high as the peak voltap 
Ex to be measured is available. Tube voltmeters of this type and that 
indicated in Fig. 103 are perhaps the earliest applications of tubes t,o 
measurements because such circuits were used in some laboratories as 
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across the meter. From this analysis it can also be seen that for no 
curvature, that is, a linear portion of the work characteristic, neither 
rectification nor modulation is possible. The first part is of interest here 
because under such conditions the plate meter could not detect test 
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If the Taylor's series in Eq. (11) were extended to the third and 
fourth derivatives, the change noted in the direct-current meter of the 
plate circuit would not respond to the actual effective value of an impressed 
voltage. 

67. Tube Voltmeters for Measuring Peak Voltages. —Such volt¬ 
meters make use of the fact that the thermionic plate current in an elec¬ 
tron tube due to a variable accelerating voltage can be made zero by 
applying a suitable negative potential to the system in order to balance 



Fig. 102.—Peak voltmeter using a two- 
element tube. 


Fig. 103.—Peak voltmeter using a 
three-element tube. 


out the peak value of the variable accelerating voltage. Figure 102 gives 
the case of an ordinary two-element tube which can also be a three-element 
tube with the grid and plate connected together. PJ\ denotes the input, 
terminals which can be bridged with a suitable resistance or coil to give a 
closed circuit (according to the measurement to be carried out). The 
tap T 1 of the potentiometer across the filament battery for the tap 7\ 
connected to the positive terminal of the’ B battery and PJ> a .short- 
circuited is moved until the direct-current meter in the plate branch just 
does not indicate a plate current I v . The test voltage is applied to the 
P 1 P 2 terminals and T 2 moved to the right until the plate current I p 
again just disappears. The indicated steady voltage E is then equal to 
the peak value. The voltage range of this meter is large as long as a 
direct-current source of a voltage at least as high as the peak voltage 
. measured is available. Tube voltmeters of this type and that 

indicated in Fig. 103 are perhaps the earliest applications of tubes to 
measurements because such circuits were used in some laboratories as 




th«» un.l |muiiiiMmrtt-r is moved to the left until (he plate current jmt 
*iit*;*l*i*»- 0 • t>>r u K /*,* , When K„ A’,, is applied, the plate 

meter register* again. The slider of the grid bias in then moved still 
further to the left until the plate current again just disappears correspond¬ 
ing to the indicated setting A', <■ ft. The difference E„ — E , then 


peak voltages B tf , a much larger negative bias E, t is required to com 
ponaate the effect of the moat positive peak voltage. The peak voltage l 
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Thin method can )s> still further extended in voltage range hy applying 
the unknown large peak voltage E. across a potentiometer and applying 
only a portion «* toward the plate. 

Figure 105 shows a scheme due to L. W. Chubb and C. L. Fortescue' 
where the peak voltage can be measured by the rectification of a condenser 
current. This method is applicable only in cases where the wave shape 
of the positive peak value does not differ from the negative peak value 
anti there is not more than one peak in each half cycle. The method 
can therefore lx* used in eases where because of saturation limitation or 
some other causes either peaked or somewhat flattened half wave# are 



carries per cycle the charge 











rectified grid current flowing through R will charge C to some average 
valus* depending on the maximum value of the applied sinusoidal test, 



sinusoidal voltage or with voltagea taken from a direct-current scum*. 
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If the latter is done and E denotes the direct voltage, it must produce 

a deflection 

kE 
R 


d 


( 17 ) 


Suppose the microammeter has a scale with 100 equally spaced divisions 
and that the full-scale deflection 100 for a certain lh setting is produced 
by E = 50 volts. The effective alternating voltage which also produces 
the full-scale deflection, according to (16), is equal to KiE, and, by equat¬ 
ing the right sides of (16) and (17) and using (15), 

E, = 2hE = 111 volts 

Hence if an effective alternating-voltage scale is required, the setting of 
R u for a direct voltage E — 111:2 *• 55 volts, is varied until full-scale 
deflection is again obtained. The deflection 100 then gives the effective 
voltage E e - 100 volts for the sinusoidal e.m.f. calibration. All other 
divisions of the scale are proportional with the scale, since a linear law 
exists according to (16). This is an inherent advantage of this meter. 
To obtain an idea of the useful range of the meter, a practical illustration 
is added. When a 199 type tube or its equivalent is used with a Weston 
portable table galvanometer of 200-jua full-scale deflection, the effective 
voltage range for Iii — 0 is from 0.4 to 3 volts; for Ii l -> 20,000Q, a 
range of from 0.8 to 12 volts; for Ri <** 70,0000, a range from 2.3 to 35 
volts; for Uj = 170,0000, a range from 5.6 to 84 volts; for Ut *■ 670,0000, 
a range from 22 to 300 volts; and for Ri ■» 1,170,0000, a range from 86 
to 470 volts. A meter of this type with a high resistance Hi in series 
will not draw much current when working with small 
deflections only and can be readily used m a 
resonance indicator and for observing ssro-beat con¬ 
dition as the frequencies of the two currents are 
4SV -SZSV* brought to the same value. The pointer of the 
ria. 107.—Beat indi- meter from about 25 cycles on downward will atari 
cator. to vibrate with the beat frequency until for a 1 -cycle 

beat, a very slow to and fro motion is observed. At ecro tieat, the {jointer 
will again stand still. Automatic synchronisation is apt to bike place 
and care must be taken to have a very loose coupling and a true resonance 
setting. For such work the ourrent taken by the indicating system 
should not be appreciable. This can be done by working witli the 
three-element detector of Fig. 107. The entire circuit can work on dry 
cells containing the sources in the box which holds the meter. The 
meter is for observing as above the riow-beat effects while the phone 
jack can be used to note the approach of a beat note. 

69 The Detector Type of Tube Voltmeter.— The commercial types of 
Moullin 1 meters belong to this class and those duo to K. Hohnge. 1 Grid 

1 hoc. cii 
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rectification or plate rectification can be used. In some cases both can 
happen which is, however, not a desirable feature, since then the cali¬ 
bration curve may become multivalued. Fortunately, this happens, if 
at all, only for the lower end of the voltage scale near zero. This portion 
should not be used for any instrument of this type. Tube voltmeters 
of this type can be made direct reading and the sensitivity greatly 
increased by using the indicator so that only the change in the plate 
current produces the deflection. Such meters then work by means of 
rectification effects without drawing appreciable current from the source 
whose voltage is to be measured, and sensitive direct-current meters can 
be used as indicators. 

Figure 108 gives the simplest kind of direct-reading Moullin voltmeter 
which works along the curvature of the grid-potential plate-current 
characteristic. The plate and grid voltages are obtained from the voltage 
drop along the filament and the drop along the filament rheostat. The 
only source needed is a 0-volt filament battery. The 1-pf condenser 
serves to by-pass the alternating-current com- P/ 
ponent of the plate current. The meter is 
calibrated in effective volts, and for customary f> t 
receiving tubes the range is approximately 
from 0.25 to 1.5 volts. A calibrated meter of 
this type is used as follows: The terminals for for range from about 0.25 to 
the test voltage E„ are at. first short-circuited 1,8 volta - 
and the filament slider Si moved until the sensitive direct-current 
meter just reads zero. In some cases it seems convenient to use an 
arbitrary zero for which there is a small current flow because such a 
point can be more easily established at the beginning of the measure¬ 
ment.. The test voltage A'* is then applied to terminals PiP 2 and in 
such a way that a conducting path exists between these terminals, 
and the plate meter gives the effective value of E m directly or by 
means of a curve. The calibration is as follows: The filament switch 
is closed and the filament slider moved until normal filament cur¬ 
rent flows. This requires the insertion of a filament meter. The 
filament meter is then removed and the grid bias slider S a moved until 
the mlcroammeter pa just roads absolute or arbitrary zero. This is 
done with the PiP* terminals short-circuited. The setting of St can be 
fastened. permanently. A resistance of about r = 1012 is connected 
across the PiP» terminals and a sinusoidal current I passed through it. 
A thermoelectric current indicator measures I and, by varying J or by 
varying r, different effective voltages rl are applied to the tube and the 
corresponding deflections in the pa noted. The accuracy is about 2 
per cent. 

The bridge circuits shown in Fig. 65 can also be used as a direct- 
indicating tube voltmeter. The circuit to the right is the Hoare typ 
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meter using only one source which can be placed inside the instrument 
as in the commercial design of the General Radio Company. A range 
from 0 to 3 volts and somewhat higher can be obtained if a B battery 
of about 22.5 volts is used in connection with a 199 type tube or its 
equivalent. For short-circuited input terminals, the bridge is balanced 
by securing a zero deflection on the microammeter. This meter works 
up to very high frequencies for direct and alternating voltages. The 
upper limit is determined by the input impedance. The frequency 
error of the commercial voltmeter is about 2 per cent for full-scale deflec¬ 
tion at 20 kc/sec and about 3 per cent at frequencies as high as 300 kc/sec. 
For very accurate work, the meter is therefore not dependable enough 



Volts 



Fig. 109.—Convenient double-range-tube voltmeter. 


/ or frequencies as high as met in the upper broadcast range but it should 
prove satisfactory for most of the work even in this range when only 
deflections are concerned as in the case of field-intensity measurements 
and certain receiver tests, where one and the same deflection is used for 
the standard and signal voltage. The second-harmonic error of this 
meter can be almost eliminated by reversing the leads to the voltmeter 
and averaging the readings obtained. 

Figure 109 shows a tube voltmeter for measuring effective .voltages. 
A 171 tube or its equivalent is used and a double range provided. The 
larger range from 1 to 30 effective volts has the switch in such a position 
that 125 volts are apphed to the plate and (45 + 6) volts act as negative 
fnd bias. For the lower range, 0.5 to 6 volts, 10.5 volts act as B battery 
and 6 volts as negative grid bias. This is a most useful voltmeter. 
Before using the meter, the input terminals P.P, are short-circuited 
the filament resistance R varied until 0.25 A is read and the arbitrary 
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w'i't* deflection of flu 1 200-jua meter set by means of the slider S of the 
filament indent iometer. Figure 110 shows a tube voltmeter described by 
K, T. Dickey 1 which is especially designed for testing audio-frequency 
amplifiers. A vacuum tube such as the 171 type with a comparatively 
low plate resistance and high grid bias is again used to cover a wider 
voltage range. A very high plate resistance (2.4 X 10"St for the 250 
B battery supply for the 0- to 70-volt range) and (0.2 X 10"St for the 
22,5-volt B bat tery supply for the 0- to 7-voit range) are used in order to 
obtain an almost linear deflection on the mioroammeter with respect to 
the effective value of the impressed voltage £?,. This is basic for this 



Figure 111 shows a tube voltmeter which works along the curvature 



* Frm, I.U.N., 1#> «87, 1927. 
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ured. It should be noted, however, that the plate potential must be 
at least 50 volts or the test voltage to be measured must have a large 
amplitude in order to produce a change in plate current by means of 
the curvature of the grid-voltage grid-current characteristic. Therefore, 
some commercial designs (Siemens and Halske) employ amplification 
first by means of a space-charge grid tube as in Fig. 112 and use 1 he second 
tube in shield-grid fashion in connection with grid rectification. The 
plate supply can then be made as low as 20 volts. Reference in made to 
Fig. 113 for the action of such voltmeters. The grid condenser acts m 


o ~ *— "" 1 [ ""'“" T 


' Fig. 11XDire© t-indioat- 
ing-tub© voltmeter which can¬ 
not be affected by a' superim¬ 
posed direct voltage. 



ft—tL 

■Ac**— 


Pxo. I i2.—Double*#rid* 
tub© voltmeter. 


a negligible impedance for any high-frequency fluctuations, while the 

high leak resistance It acts as an agency for the automatic building up of a, 

negative grid bias by means of the rectification effect <5/„. Before E M 

is applied, the automatic grid bias is close to zero potential, say at some 

slightly negative value E„. But when E, is applied, similar voltage 

variations will act on the grid and build up to a sustained variation 

e a = e n sin 6 after the gradual increase in negative grid bias has reached 

a the final value E r '. The increase EJ~ 

depends on the grid-current charac- 

£ c~\~, \ teristic and the value of the leak resls- 

p / wj tanee R. Since the operation occurs 

aio0g the i° wor curved portion of the 

f si| SI *r I*» Ml Oharacterististic, a positive reotl- 

" £> ~~ " fm ' t>mn ‘ * ft cation effect i is produced with respect 

- L araJ to the new operating point P'. But 

Pro. 113 .—Explaining operation before E, is applied, the grid current has 

(portion of/, - K„ oharaeteristio for ft value I„ and it is the change from I, to 
negative values of lily follows the law ,, . , . t , rt * . 

i„ - U arid current when e „ the grid-current value when E t 18 applied 

does not act). that is of importance. The indicated 

value 5l 0 denotes the actual rectification effect in the grid current . This 
effect could be indicated directly by a sensitive instrument, but in this 
circuit it is amplified by the corresponding voltage change It 81 „ act ing in 
the grid circuit. This gives the change 

8l p ** g m Ii 8lg (IS) 

in the plate current /„ if the amplitude of the test voltage E t is small 
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and tin* voltage «'f the B battery sufficient to operate along a linear portion 
of the grid-voltage plate-current characteristic. The rectification effect, 
in the grid brunch is then amplified into the plate branch by direct-current, 
amplification, while for the tube voltmeter, in which the rectification 
effect is caused by the grid-voltage plate-current curvature, the test 
voltage is first amplified into the plate branch before its effect is rectified. 
The sensitivity for grid rectification is greater than for plate rectification. 
For small test voltage* the decrease hl p in the plate current measured 
by the direct-current meter la given by Eq. (18). If, for larger test, 
voltages or Insufficient B volt age, the change SI P in the plate current also 

. i * t « . # *». _ _1 _» __i._At..l 
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page 41, for a pure electron emission of saturation value I, and for 
negative cold-electrode potentials E, the space current / passing from 
the hot emitter toward the cold electrode can be computed from the 

exponential law. 

I - ' ( 20 ) 

where p = 1/(8.6 X 10 ~ S T) and T is the absolute temperature (273 plus 
degrees centigrade) in Kelvin degrees. For negative grid potentials 

Eg the grid current becomes 

h - (21) 

if according to H. G. Moeller 1 the distribution factor /> - {} j 8 

d(EJE„) 

used. The electrons with a temperature velocity v r can then Ik* t reated 
as though they wore to leave the hot cathode of absolute temperature T 
with zero initial velocity, but so that the cathode has tin* potential 
"Xtti 

(~E t ) = According to (20) the current contribution dl of 

such electrons is 

dl m pI‘J**tdE r (22) 

But this electron current distributes Itself in the three-elemiuii lul^ 
of the voltmeter partly toward the grid of potential B, and toward the 
plate of potential E p . The distribution function for small values of 
Eg/Ep increases linearly. We have 

ddg n E ff — Ef 

W D 

and the grid current 
which for D/pE, - p confirms (22). Putting 01, • « for the grid cur- 



where = e 0 sin 6. The average value of the grid current then becomes 

1 r r J fir 

lav — j,Jt I a iU «■ <xe ~ ,,x '2i r J ***" " ,n 9 dQ (25) 

r^or dfng to g (24) CUrrent wit ^ out variable'test voltage acting (c„ = ()), 

h “ (25) 

„„„ a ,Di° Elcktron^ohr,, ; F. Vioweg »nd Sohn, Braunsehwmg, JU 21 ), p. 22:t 

mr SMtro ^” 
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;u»l the rect ification effect in the grid current can be computed from 


at >•*' 


m m r** 


(if 


>, (pco)" 


win fl 


« m **• 




(pen/2) 2m 


where S stands for the series in the parenthesis. Both the normal grid 
current l t for no test voltage applied and the grid current /„, when the 
test voltage with its final effect e a ■» e® Bin ut acts, can be measured with 
si sensitive instrument and their difference 3/„ are then given. Eliminating 
the term cm lie tween (2(1) and (27), for the ratio of the grid rectification 
effect to original steady grid current, one obtains the value S. Hence, 
when the tent, voltage is removed and the input terminals P x P t are elec¬ 
trically connected, for instance, as in Big. 113, for a measured grid current 
/, the grid-rectification effect is 


whore, according to (20), 


TOT^ 5 ] 


lining the centigrade temperature of the filament and a 0 the maximum 




in the grid branch by the rect ification effect, the change 5I P in the plate- 
meter reading can be computed from 




ww, 


»« long as the change M v occurs along the straight portion of the I p , E„ 
characteristic of steepness g m . It can be seen that the change in current 
noted on the plate meter of the tube voltmeter is proportional to the 
square of the amplitude of the sinusoidal test voltage, that is, also to 
the square of its effective value. The change SI P becomes larger the 


the leak resistance It, and the higher the normal grid current l„ without; 
test voltage. The last two factors depend, however, on each other, 
sitim* as It increases l„ decreases and an optimum condition must exist, 
it am Is* shown that there is a maximum effect if <5/„ occurs close to 
tin* lower (tend of the I m E t characteristic, but still along the straight- 
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70. Tube Voltmeters with Increased and Decreased Sensitivity.— 
The sensitivity of tube voltmeters can be increased (1) by using very 
sensitive instruments the deflections of which indicate only the change 
in current; (2) by using additional amplification, and (3) by means of 
special tubes. The sensitivity is limited by the stability of the reading, 
and for direct reading tube voltmeters cannot be too high if any accuracy 
is expected. Figure 114 shows a direct-reading tube voltmeter which 
uses a microammeter ju .a to read the effective test voltages E x directly 



Fig. 114.—Direct-indicat- 
ing-tube voltmeter with 
steady plate current com¬ 
pensated. 


Pectt fter a mpi, fie r 



AOQsl 


Fig. 115.—Two-tube volt¬ 
meter. 


by means of the difference current passing through the meter. Tho 
resistances R± and R 2 are chosen so that, for a suitable negative grid 
bias E c , the microammeter does just not register if the E x terminals are 
short-circuited. For the average receiver tube, the resistance values 
are about Ri = 400 to 5000, and R% = 3000 to 50000. This circuit is 
most convenient for amplification measurements, especially if the con¬ 
stant-deflection method is used. Figure 115 shows a two-stage tube 
voltmeter. If the dotted input condenser is used, this voltmeter can 
also be used to determine alternating voltages with a superimposed 
direct voltage. If 199 tubes or their equivalent are used, the first tube 
_ 0 . , ,, with Bi = 20 to 30 volts works as a detector, 

-os ,o and the second tube with B 2 = 50 to 90 volts 
o—rf as an amplifier. The negative grid bias E< 
f* _ + I of the first tube is chosen of such a magnitude 

X° £c p tube [ ^ordmartf p tube that the plate current falls to zero. The 

„ „ “ * . . slider along the 40012 potential is then 

audio- and high-frequency moved until the mull am meter ma reads 
voltages. about 1.5 ma (about full deflection). If the 

test voltage E x is impressed, the potential of the grid of the last tube 
becomes more negative. The reading on the plate meter will therefore 
decrease. The decrease depends on the resistance in the first tube, the 
value of E ZJ and the amplification factor of the second tube. Figure 116 
shows a similar two-tube voltmeter. The only difference is that the 
sensitivity is so increased that it acts as a reliable millivoltmeter. For 
increased sensitivity, the detector tube (first tube) uses a high mu tube 
(a double grid can also be used) with a rated amplification factor of 
about 30. A high plate voltage is unnecessary, since the lower bend is 


High p tube 
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to be used for an efficient plate-rectification effect. J3i is then about 
45 volts an4 the voltage of the output tube about B 2 = 45 to 70 volts. 
The output tube is a receiving tube of n = 6 to 8. A microammeter 
H& can be vised to measure the portion SI of the entire change Sip in the 
plate current I v of the last tube when E x is applied. To do this, a current 
Iy is made to flow in opposition to the portion I of the plate current, 
so. that it just produces zero deflection when E x is not impressed. This 
is accomplished by an auxiliary source E, conveniently of the same magni¬ 
tude as the Bt voltage so as to adjust the zero-current indication hy means 
of a large resistance Ry. An adjustment is then much easier than when 
only a few volts are used for E and a small variable resistance Ry. The 
coupling resistance It is anywhere between 50,000 and 100,0000. If the 
voltages are properly chosen, the calibration curve of the deflection of 
the fj,& with respect to E„ is essentially linear for almost the entire range 
and voltage. A voltmeter of similar design has 
also been described by K. W. Jarvis. 1 He uses a i 

240 type tube for the tube-voltmeter stage and a 
201 tube for the amplification stage with By = 45 
and /fa = 67 volts, and a coupling resistance R = 

50,0000. A multirange milliammeter with the 
full-scale readings 20, 2.0,0.2, and 0.02 ma acted as 
indicator. With the 0.02 scale, the effective volt- U7.—Piate-our- 

age range for /?» is 20 to 100 mv. The maximum means of another tube 
reading for the 2-ma scale is 1 volt. A voltage (deflection due to si = 
range of 50 to 1 volts can therefore be covered. 

This voltmeter works over the entire frequency range including all 
broadcast frequencies. 

The compensation of the normal plate current can also he accom¬ 
plished by the scheme shown in Fig. 117. In some cases a comparatively 
small balancing voltage E (Fig. 116) and low variable resistance Ry are 
used. The disadvantage, besides a difficult balance adjustment, is that 
a large portion of the current change SI V passes through the compensating 
branch and not through the indicator. This disadvantage is greater 
the lower Ry. This can be avoided if another tube of the same kind 
is connected as in Fig. 117. Such a scheme increases the sensitivity 
great ly, since the internal resistance r p of the tube is high compared with 
that of the microammeter and can be readily changed by means of the 
filament current. 

Figure 118 shows a multirange tube voltmeter for which 201-A, and 
112-A tubes or their equivalent are vised. Plate compensating is again 
provided for the last tube in order to use a microammeter for the readings. 
The switch S is closed only when the meter is in use. This tube voltmetei 
acts as a voltmeter and a millivoltmeter. It can be used up to fre- 

« Proc. I.R.E., 17, 679, 1929. 
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quencies in the broadcast range. Since 0.5-/uf coupling eontlenMorn 
and the grid leaks are properly chosen, a 00-cycle calibration will hold 
over practically the entire useful frequency range. Plate rectification 
is used again and the first two tubes work on 00 volts, while the final 
tube works on 45 volts. If the switch 1 only is closed, the tube volt meter 
is most sensitive. Medium sensitivity exists if only 2 is closed, white a n 
ordinary tube-voltmeter sensitivity exists if 3 only is closed. The range 
can also be changed by applying the potential variation at point p 
either directly toward the grid of the last tube or through 0.5,2.5,5, JO, or 
20 megohms. As with most of the multirange tub© voltmeters, tho 
calibration can be relied upon only when it is mad© at the time of the 
measurement. Such a meter, however, has the advantage t hat for rough 
work, or work where only equal deflections are used, a very wide voltage 
range exists. Figure 134 shows another multirange tube voltmeter 




Fia. 118.— Multinmg® voltmeter. Fro, 1volt- 

mwtar. 

indicating directly the effective voltage. The last tub© using the shield- 
grid connection acts as the tube voltmeter, white the first two stages 
serve for amplification. Figure 133 shows another type of tube volt¬ 
meter which can also be calibrated in effective values since a nemipowetr 
tube with a thermoelectric indicator is used In the last stag©. Both 
tube voltmeters (Figs. 133 and J34) are most suitable for measuring 
audio-frequency voltages, since the frequency characteristic is flat in 
this band. 

The reflex voltmeter shown in Fig. 119 is due to W. B. Medium and 
U. A. Oschwald. 1 Unless used in combination with a stag© of diract- 
current or some other amplification, it will work only in the volt range 
about 0 to 20 volts, for E b - 67.5 volts and a grid bias /£„ depending on 
the receiver tube used but over a wider range of voltage than the ordinary 
tube voltmeter. The plate current passes over the load resistance li 
which is high (a few hundred thousand ohms) ho that a mierommwrior 
can be used to read the effective voltage E„ directly or by means of a 
calibration curve. Plate rectification is used again and t he volt age drop 
along R produces an additional negative grid bias which increases with 
I r and consequently also with E a . Figure 120 extends the voltage cali- 
1 Exptl. Wireless, 8, 670,’ 1026. 
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hrution .“till farther so that, for instance, with a 222 typo tube or its 
equivalenta range 0.1 to 10 effective volts can be readily covered. 
Therefore, t he grid-leak shield-grid tube voltmeter is still more sensitive; 
than the grid-leak t lure-element tube voltmeter. This circuit is very 
suitable ns n resonance indicator in the upper frequency range when 
the input capacitance affect* the calibration too much. As in the case 



¥m, 120.—"6hMd-*rid voltmeter. Pm. 131.—Ch»rnntoristio8 of soreon-srld 

tuts*. 


of the three-element tula*, the automatic negative grid bias produced by 
E* decreases the plate ourrent and, by choosing an operating point on the 
straight portion of the plate-current characteristic, the decrease in I p 
due to the grid rectification can be made more pronounced than for plate 
rectification. The advantage of using a shield-grid tube is that the plate 
current depends on Mh the negative grid bias of the control (input) grid 
and upon the m-rmn^rid mtUaqe, as can be seen from the characteristics 
of the 222 shield-grid tula* shown in Fig. 121. Hence, as the screen-grid 





Fto. Fia. 128,— 

mMimtm, In rmm • tektde 

vol&mater. 


potential is increased toward the value of the plate potential, for a fixed- 
control grid bins, the plate current passes through a maximum and 
decrease* again a* the screen grid and plate potential approach each other 
and a certain negative control bias produces a most, effective decrease in 
plate current. This happen* for a screen-grid potential which produces 
optimum plate current. In Fig. 184 a screen-grid HMS voltmeter with 
amplificat ion is shown. Figure 122 shows a space-charge tube voltmeter 
• Kino. It , IVee. IMS,, It, IMS, 1080. 





with amplilic'itl ion. The dimm- i«.» ,i.- :r ; ■ 

tubes.and 112-A output tubee or their equivalent are used Tin* meter 
reads down to 0.0006 volt, but, m In the ease of all sensitive tub. volt¬ 
meters for accurate work, the calibration should be takes at the* Unit: 
of the measurement. 

Tube voltmeters with decreased sensitivity without tilling potent tom*, 
ter systems are known as the “ inverse tube voltmeters. ” This type has 


The test voltage K, is then impressed <m the plan- in son <**. wnh the u 
battery and the much smaller effect noted in the end bi.neh. 

71. Notes on the Design of tube Voltmeter*. The design of tube 


is to be used or whether both reefifiemions ,. vlNf mnnhommody. T{ „. 
latter is undesirable for most laboratory work. As fur a« i he slide-baek 


of the test voltage. The voltage range is t hen very 
high direct vdltages to measure Mgh-teet voH«p» * 


the plate-current characteristic (preferably right above the Uv, 
l? c ( . >r . ,lu,:iry ,lir,r! !)«?«■ vo|itnoi 


17 , 864, 1930 • ImL Bh0 - Bn »” 47 - 12 »- H. E. Ldku, /W. LH 

*Loc. tit., Fig. lio. 
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shaded arena t»u change in the plate-meter reading can be noted. There 
are1 wo ways of bringing about this condition. One is that the operating 
point /*. Iiy an appropriate choice of the negative grid bias (E c ), is placed 
in tin* curvature of the I p characteristic so that the current swings i p 
(due to distortion) above the normal plate current I p — J 0 are com¬ 
paratively high and enclose sufficient area to outbalance the areas of 
reduced negat ive i p swings below the J 0 line. However, this would only 
lie a means of covering a comparatively small voltage range if only the 
curved portion is employed. But when the grid bias is chosen very low, 
corresponding to about the case indicated in Fig. 124 (. I a = 10 pa when a 
200 microammeter is used), a much larger portion of the characteristic 
can be used because, for large values of E„, the variable current i P due 
to E„ may utilize that portion of the working characteristic (only limited 
by the magnitude of the peak value of E m Tfrom which an appreciable 


grid current begins) which is essentially linear 
except for the lower curvature. Taking into 
consideration only the terms up to the second 
order, one finds for the current fluctuations 


ip nip 



i. 


dF(JSt) , p* dwm 

p TBr + I ~W~ 


pg + 


p % % 
2 Wx 


for (» *» fte, ~ i P R for the test voltage e g - e 
sin 0 of effective value E r . The quantity g 


denotes the steepness of the working charac- 



Fia. 124.*—Actions in a 


t eristic, and Og/dEi the curvature of the static tube voltmeter with a eap*c- 
charaoteriattc in the operating point. One iUu<!0 load c - 
may without any great error put g m g m which holds for the steep¬ 
ness of the working portion of the Ip, E u characteristic. One obtains 


ip 


?*[/*«» — ipR I + 


~~ ipR * 


and for the change «/„ noted in the current reading 

hip - av(ip) ** Mf/., av(e„) - It g m 5l P + |av[pe„ - ipR]* 

But avOJ - 0 for $, - e sin sin & and, by neglecting insignificant terms, 
the above expression leads to 


SI 


9 


1 Sffm/dEp 

4 § m 


WTTp 


(30) 


if (/„, denotes the average slope of the static I,„ E e characteristic, dg„/&E„ 
the curvature at the operating point, and r, the Internal tube resistance. 
For tube voltmeters of this kind, the indicated plate current I v + Up 
is small and the arbitrary zero setting I„ * I o even smaller. for a 
sensitive arrangement it is necessary to have the change It 51 „m the 
direct voltage across It large compared with the input voltage, and 




amplification become*almost equal to the amj.bfie.atem * offer)»« 

for the operating region. lint f«.r seiiwltvlty it »> .., fc ., ry 

have the value of the curvature t.. that .,r the n , 11|rr ,; (IIt „ 

point large also. A high mu tulx* with large plate lo».|* will therefore 
give a very winmtive meter, all hough uriiiietry ful«« with „ rnmp ;t r 1<tl ve|y 
small amplification factor (g 2 .s it( s ; j„e , -, ... , 

the Ip, B, charnel eristic numtly in the regm- : - . . • ... 

foZ e V< f l Tl WH bmlt * ,ru ' Vi n,f ' '■**’ the upper 

rilX f nit ” h T th f n>aw ’ n " 171 ,v *"‘ u,i *' w ^uivnbnt is very 
suitable for a wide voltage range, but tremor of »t, j, m j llir;l!iu „ 

faotor 0* - 2.8 to 3.2) it in mtitnblr only from iiImm! f> ** u4> tijmani 

me design of such a tube voltmeter for » certain t u .... .i.., n 

srsy- “• «•*»*. <» >*.™ 


(33) 

Appmxi- 


. + (U) 

t» LZS““t> T,F„1£ >?•*•* * ««. r»» /, 

(32). the required « »*£&£•- 
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~8uppoae n WO rtibrtmm meter is used in the plate branch, and that 
10 tits ilenolea the arbitrary arm setting (/« » 10) for which E x » 0 volt. For a 
deb m l voltage range £« » 0 to 100 volte, an amplification factor a* » 3 measured 
for 200 n& with one of the methods described in Bee. 164 and a corresponding plate 
resistanee f> * 10HI, tuwtmlmg to (35) the required load resistance becomes It « 

:{ x H —. 'Sf ”"T«\h-= r - |.48 megohms (use 1.5 X JOHi). The negative 

C Jilt I — lii) HI * 

grid bins required for sinusoidal voltages and no grid current at any time, accord¬ 
ing to (33), becomes B* m 1.41 X 100 +■ 1 «• —142 volts, and the voltage supplied 
f»v t In* B battery, according to (34), iil»«3X 142 » 426 volts. In order to see 
to what indent it is oorrect to use the approximate formula (34), one calculates the 
internal tub# drop t P i » 10* X 200 X 10“* » 20 volte, which is small compared to 
Fk • 426 volte, even for the extreme limit of the entire voltage range. 

72. Motei on the Calibration ol Tube Voltmeters.— Slide-back tube 
voltmeters require no cmlibmtion, since the measurement is carried out 
by a voltmeter moatmring the extra voltage required along a direct-current 





Fiu. m,- -Odlbrstfcm of a tub* voltmeter. 

potentiometer in artier to baknoe out the effect of the peak value of the 
tort, voltage. Thin voltmeter reading gives the means of detecting the 
peak voltage. All oilier types of tube voltmeters are conveniently 
calibrated with it resistance potentiometer and the voltage applied to the 
tube voltmeter is computed by the IB drop. This can be done with a 
suitable electrometer or, as in most eases, with a thermoelectric-current 
meter as indicated by A and B of Fig. 125. For rough calibrations a 
60-cyck‘ current can be used, especially if the tube voltmeter is to be 
employed in the audio-frequency range or if the construction of the 
voltmeter is such that its frequency factor at 60 cycles/sec is about 
the same as in the high-frequency range for which it is to bo used. How¬ 
ever, there teems t« Iks no great inconvenience in calibrating the instru¬ 
ment in t he frequency range for which it is used, and using a sinusoidal 
current which lias been purified by a step-over resonator. 1 he voltage 
applied etui then be varied by the potentiometer tap T as well as by the 
variable mutual inductance M\ to the generator. 

73. Generators for the Production of Standard Voltages.— --If only 
standard volt ages which are not extremely small are to be generated in the 
high-frequency range, the generator shown in Fig. 126 will do for many 
purposes. R, denotes a pure fixed resistance which consists of a short 
straight piece of const antan wire sealed in a glass tube, or some other 
form of high-grade resistance. For certain work a 1-ohm resistance 
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will do (field-intensity work). The heater resistance of the thormooloe- 
tric current indicator is about 300. The voltage is E ■» IK,, bur (ho 
circuit in Fig. 127 the step-over resonator and a variable mutual 1/ is 
used and the normal voltage computed from E ■* wIM volts, if «/2v is 
in cycles per second, / in amperes, and M in henries. 

Damping apparatus (attenuation boxes) can be used in the normal 
high-frequency range for which the frequency is not too high to produce 



Fig. 126.—Production of a standard Pm. 127.~-Production of a standard 
high-frequency voltage E by mean* of R, Wgh-frequenoy voltage E by means of St 
and I, and L 

standard voltages over a great range and down to very small voltages. 
The input current h flowing to the attenuation box is then measured 
with a thermoelectric meter and the output current /*, passing t hrough 
a load resistance equal to that for which the box 1 m designed (normally 
600 fl), is computed from the attenuation ratio. A portion U, of this 
load resistance then produces the standard voltage /*£„ The procedure 
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Figure* 128 a ml 129 show (his method. 1 In the tube generator of 
Fig. F-8, the high-frequency current /o of frequency / works through 
the stej»-<*ver resonator toward a full wave rectifier. The stop-over 
resonator suppresses any double or other harmonic frequency and 
impresses only a voltage of frequency / on the rectifier. The output 
branch of the rectifier then contains a direct-current component and a 
strong component /, of frequency 2/ both produced in this branch. If 
the coupling is is loose so that /»ia only a small current, the direct-current 
meter will indicate directly the magnitude of / 1 . The small output cur¬ 
rent / flowing to the measuring circuit can lx* 
found by means of I , and M. If the original cur¬ 
rent 2»of frequency /ia modulated by a sinusoidal 
voltage which is In series with t he plate battery *4 
of the generator, the modulation of / ( will be twice 
as large. Figure 129 gives a circuit where the 
same tube generate, the alternating-current com- of 
ponent /# of frequency / in the plate branch and t.y moan* of t.h« arid our- 
rectifiea by means of the grid-filament branch, Wgh ' fmiueney 

the current induced in It by the back feed k, A 

direct-current meter in the grid branch then indicates for small currents h 


| U,. , ■ 4 

fftr»w»—«■ 0>Cmt*r 




164 


HIGH-FREQUENCY MEASUREMENTS 


E„ and the traveling contact along the potentiometer in moved until 
the galvanometer current disappears. Then 

V _ TP 

« — k .r 

/Cl -f- /(■» 

76* Determination of the Voltage Sensitivity of a Telephone Receiver. 
The telephone-comparator method (Fig. 131) is used with T, as a standard 
receiver (reference receiver) and T x as the receiver to Ihi tested. The 
shunt resistances R, and R x must be small compared to tin* respective 
impedances of the receivers. By means of li\ the small current / can be 
varied. The resistance R, and R m shunt ing T, and 
T X) respectively, are varied until each receiver gives 
the same loudness. It is then necessary to bring 
alternately first one and then the other receiver tit 
the ear. The voltage sensitivity is then R,/R t , 
which is the ratio of the voltage E, across the stand¬ 
ard phone to terminal voltage E a across the test 
phone. 

76. Notes on Harmonic-voltage Analyzers. ™ 
FlG ' compwate epholW> The ^thods described in Sec. 66 for the measure¬ 
ment of harmonlo-ourrent content can i«» used 
to analyze distorted voltage waves also, since in all schemes a voltage is 
impressed on the measuring circuit. A distorted voltage wave is of the 
form 

E s= Ei sin 6 + Et sin 20 sin 30 ■+■ * • • E m sin mi 
and the percentage of any one harmonic can be expressed as the ratio 
of the amplitude E m of the harmonic to the fundamental, that, in, by 
lOQE m /Et. The same value would be obtained if the effective values 
E m /\/2 and Ei/y/% were used. However, when the distortion is due 
to many prominent higher harmonic voltages, it is in 
many cases sufficient to express the harmonic-voltage 
content by the ratio of the effective values of all higher 
harmonic voltages to the effective value of the funda¬ 
mental voltage which leads to 
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Again, it does not matter whether the maximum values i« a?- 

or the effective values are used. Figure 132 indicates the 
well-known resonance bridge which can be used . 1 It can be perfectly 
balanced only if a pure sinusoidal voltage is impressed on the network. 
Hence, if the bridge is adjusted by varying C, or L and R» for the 

r?f? 1 SoC : Am -’ u ’ m ’ m7; Rn> - V**’ Apr. 3, 

V ! ro f; rw “’ i # r 156 - lm > to on tube 

rcuits, D. F. Schmit and J. M. Stmehfkdd, Electronic#, 1 , 70 , 19 S 0 , 
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fundamental frequency «/2t, («/, - 1/w C and Ih/Ri = Rs/R*) the 
balance adjustment at bed can lead only to a minimum deflection d, since 
a small voltage e due to all other harmonics remains across the terminals 
/’|/* a of the balance indicator. Thus, if the bridge is adjusted for the 
fundamental (1/wC * w L) and besides a higher harmonic voltage of fre- 
quency nm/2r is also present in the impressed voltage R, the remaining 
maximum value e 0 of the voltage due to the effect of E m sin nud and acting 
across the indicator becomes 


EJit 

nr+Rz 


lit + Rt + jmmL 


]muG 


voltawi drop aoroM Hi 
m [ k 

Em \ m ; 


(1 + k)Ri + jvL 


iiaL in, — -- 
' m 


The largest value which the peak voltage affecting the indicator can ever 
obtain is then 

<•«,„* “ j-qp ~jE„ (37) 


But k » lii/Ri and the optimum value is then equal to the voltage drop 
produced across /£, by the particular harmonic component. Hence, the 
bridge behaves as though the LC branch did not exist. However, a 
condition of this kind can be approximated in effect if the ratio k is 
chosen small, but not so small that the available voltage across the 
indicator is cut down too much, thereby impairing the sensitivity of the 
voltage analyser. A value of k « 0.6 is suitable and a ratio «L/ lit of 
about 6 or larger makes the faotor 



in 

«# - «»?. F (30) 

almost unity. Thus choosing wL/B* ■> 6, a second harmonic present 
only in addition to the fundamental which is balanced out, the factor 
F is 0.08, while with only a third harmonic present F <■ 0.995. Since 
Ri is essentially t he effective resistance of the variometer L and for any 
still higher harmonic- current which flows through it, its value is larger 
than that given by the above ratio, and F must be still closer to unity. 

If an indicator is used which does practically not absorb any current 
from the bridge and whose meter responds with the square law of the 
applied voltage, it can be made to read the effective voltage across the 
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points PiPs directly. Sensitive indicators of this type consist of » stage 
of voltage amplification with an additional output tube powerful enough to 
operate a thermoelectric indicator (Fig. 133). The dimension* given in 
Fig. 133 are about suitable for a 240 type tube or its equivalent in tin* 
first stage, and a 171 type tube or its equivalent for the output stage. 
In order to make the bridge indicator even more sensitive and to do away 
with the slow response of a thermoelectric indicator, the two-stage 




"mr^m 
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Fio. 133.-— Sensitive bridgo indicator. 


amplifier with a shield-grid output meter responding to the square law 
as in Fig, 134 can be used. High n tubes 0* - 30) of the 240 type or its 
equivalent are used for the first two stages, while a 222 type double-grid 
tube or its equivalent is used for the root-mean-equare tube voltmeter 
by adjusting the filament voltage E a to about 2.8 volts. Because of the 
coupling characteristic of each indicator (Figs. 188 and 134), the calibra¬ 
tion will hold only from the commercial power frequency tip to about 
3 kc/sec and can bo used to measure the total higher-harmonic content 
in output tubes of broadcast receivers. For higher frequencies, direct- 


*6iyp* tubes 



Fto. 134.—Sensitive tube voltmeter with & flat frequency ofcftMotsrfartie town 30 to 3000 

eyolts/too. 


current amplifiers should be used. Since a bridge is used in this work, 
it seems best not to employ this method above the audio-frequency range, 
but, instead, the harmonic analyzers described in Sec. 56 which arc also 
more accurate, especially if methods with a search frequency are employed. 

The indicators shown in Figs, 133 and 134 will measure the effective 
voltage across terminals P,P, of the resonance bridge shown in Fig. 132, 
The bridge is balanced for the fundamental voltage component and « in¬ 
effective output voltage e * 4* * ■ * e„ 9 due to the 

effective values (e 2 of frequency 2 f, of frequency ".if, etc.) of nil t he higher 

harmonics is measured by a single reading of the indicator connected 

* 
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sioroHH terminals I\I\. If the resultant effective input voltage E x 
containing the effective values of all harmonic components (E i of fre- 
<jucncy /: Kt of frequency 2f, etc.) is also measured by a single reading, 
t he total higher- harmonic content 

VWsTWTW + 


E , 


(40) 


wit h respect to the effective value of,the fundamental can be computed 
from these two readings if the resistance across which the measured 
effective voltage* e and E a act are known. Because of the circuit relations 
given above, the harmonic content e is essentially due to the drop along 
resistance H u while the test voltage is applied across Ri 4- Rz which for 
k - Ri/Ri gives 


V «*8* f C* 5 + <4* 


Ri 


k 


VS? + S? +X S R ^+ 1 + k 

or the corresponding higher-harmonic input content in terms of the 

measured PiPt voltage as 1 -)- fc 


VS? + S? +'I? 


(41) 


Hence, the percentage of higher-harmonic content can be computed from 

lOOe 1 + k ( 42 ) 

** mm 

Mil 

RJR% “ 0.5 where 
_ I s^(l -p k)^ 

Mi - +~E? +1**1 - w 


where p is in peroentage, which gives SOOe/Ej for k 


(43) 


- yi.* - W 

for k - 0.5. Therefore it is necessary to have a calibration of the bridge 
indicator in order to measure the effective voltage e across I J * when the 
bridge is adjusted to the fundamental frequency and the 
voltage E t across the input. Unless a multirange tube 
voltmeter Is used, the much larger resultant effective 

. * • . * tJt„ —4. mnaoitMtl WlT.n 


WW \Jwmr "T1 



I UV 0 UJI w—O’— - ' ^ ^ ' 

voltage E, at the input side must, be measured with 
another tube voltmeter or some other suitable r.m.s. volt¬ 
meter. No eidtbrat Ion of the bridge voltmeter is, how¬ 
ever, necseewiry if the equal-deflection method indicated 
in Fig. 135 in employed, for which the bridge voltmeter 

is also used to measure the equivalent voltage of the input JBiqUWv — -. 

Tho ..r oonneotlne effeoU^ 

voltage indicator against, the terminals / ii a ana vary g u *nai yiw . 

ri nr r or i«>th until a minimum deflection is noted 

(satisfies ml - 1/«C). Hereafter //, is varied until the final ^imum 

deflection d in noted on the bridge indicator (Ri/lh “f */ £^5?^ 
Now, the double-pole double-throw switch is connected towards the 


mt mttm* 

Pro. 135.— 

Equal-dpflootion 
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potentiometer (ft 5 + R«) and the sliding contact S is moved until 
the same deflection d is obtained, which means that the effective 
voltage drop across resistance lig must be equal to the higher-harmonic 
content e - Ve? + e 3 2 + e<* + • • • measured when the indicator was 
connected toward PiPt. But since the resultant effective distorted input 
voltage E t acts across the potentiometer resistance lt„ + ft ( , one hint for 
k 

v “ r+i 

Ern Rt + ftg , MIX 

T -KT" m 


But, according to (40) and (41), 

e„ VWTW+WT 


e 


y/i + j? 
’ p» 


(45) 


V% -f JS J* 

and, equating the right sides of (44) and (45), the total higher harmonic 
content in percentage becomes 

p <m ^ ^ 1 00 R} _ 

where p is in percentage. Hence, for ft - 0.5, one has p- and, if a 
total potentiometer resistance R$ + R s m 3000B is chosen, then 

0.1 J?, 

p “ vT- [JJ./TOJ* 

where p is in percentage and for low percentage distortion the square- 
root value is close to unity. The entire computation requires only the 
knowledge of ft 6 and, if the total higher-harmonic distortion p is less t han 
10 per cent, the percentage distortion is p ■ 0.1ft*. This means the 
potentiometer can be calibrated directly in percentage distortion. 


(47) 



CHAPTER V 


DETERMINATION OF FREQUENCY 

In the early days of radio it was customary to deal with wave length 
exclusively. For most of today’s work, frequencies are dealt with and 
instruments which measure this quantity are called frequency meters 
(wave meters). If v is the velocity of propagation in centimeters per 
second, X the wave length in centimeters, and T the time in seconds for 
the electromagnetic wave to pass through a distance of one wave length, 

V m ^ tm f\ (1) 


if / is the frequency of the current producing the wave in cycles per 
second. In free space the wave is propagated with the velocity of light 
(»*■<? — 2.9082 X 10 10 cm/sec), and using the approximation c — 
3 X 1G ,# cm/sec, the frequency is 


, 3 X 10» , 9 . 

/ - —£— (2) 

where / is in kilocycles per second and X is in meters. When high-fre- 

V ‘ ' 

03 


equation. The wave length is therefore not a constant as is the frequency. 


of the velocity of propagation along the wire. As far as distance and 
height are conoerned—when dealing with wave reflections between ground 
and the ionised layer above it—the concept of wave length is important. 
For measurements at the sender and receiver, the frequency is again 
tl 


lil 
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similar to the Doppler effect can have an effect upon the frequency of the 
received high-frequency current. If the length of the path between 
the sender and the receiver aerials is changed, the action is as though the 
sender and receiver stations moved relatively with respect to each ot her. 
The frequency of the received current is then somewhat different, and, 
besides, undesirable frequency modulation may give rise to distortion. 
The discrepancy of the received frequency from the actual sender-carrier 
frequency becomes more as the change in the length of the indirect path 
per unit time increases. Suppose the change in the transmission path 
is 3 X 10* cm/scc (which is a possible value), a frequency discrepancy 
as high as 2 kc/sec would occur for a 20-Me carrier, corresponding to a 
wave length of 15 m in vacuum. This is why printed letters sent out at 
a transmitting station appear .somewhat tilted at the receiving station 
when received on a drum. Considerable distortion may take place in 
television transmission by means of the “electromagnetic Doppler effect." 

The calibration of frequency as a significant quantity is baaed on that 
of time, since / ■= 1/T and T the period denotes the time during which 1 
cycle is completed. Therefore precision measurement of frequency is 
reduced to a comparison of the reciprocal of the frequency to be found 
with the best standard of time such as given to laboratories by the time 
signals. If in this way a primary standard is obtained, the calibration 
can be transferred to secondary standards which in turn are used to 
measure frequencies in the laboratory. Very high standards are required 
for both delicate laboratory and commercial work and precision deter¬ 
mination of frequency is most important. For many lalx>ratory measure¬ 
ments, secondary standards are sufficient and frequency meters also 
known as “wave meters” are used. They are generally based on the 
resonance principle but as a rule do not Indicate directly. Direct 
indicating instruments are simpler to use but are not very accurate 
when working over a wide range. However, they nerve well m switch¬ 
board instruments where high-frequency accuracy is nol required. For a 
limited frequency range, several piezo-electric resonators producing 
glow-discharge patterns can be used with rather high accuracy 

77. Remarks on the Frequency Range.— It is difficult to draw exact 
nnes between low, middle, and high frequencies in modern applications. 
For instance, high-frequency carrier work is carried on down to 25 
kc/sec, and even lower, while for some work in acoustics supersonic sound 
waves and corresponding currents with frequencies as high as 100 kc/sec, 
and even higher, are used. In a radio receiver audio frequencies as low 
as 20 cycles/sec are dealt with and high frequencies m high as 1 .5 Mc/sec, 
it only the upper broadcast range—and not the effects of harmonics is 
taken into consideration. An acquaintance with frequency determina- 
ion from very low frequencies on up into the megacycle range is therefore 
necessary in laboratory work. Inasmuch as apparatus which work 
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well in the high-frequency range are not always very suitable in the 

audio-frequency hand, different methods must be employed. 

It is possible to make alternating currents audible from 15 cycles/sec 
to al>out 20 kc/sec, the extreme limits depending upon the observer’s 
car. There are frequencies above and below this range which may 
cause pain to the ear but which can not be recognized as sound. The 
t ransmission of speech includes a frequency range from about 300 cycles/ 
see to 6 kc/see. A base note can go down as far as 100 cycles/sec. 
Vowels include a range up to about 5.7 kc/sec, while the consonants 
reach into the 0 kc/sec range. For good voice transmission, currents 
between Q.t to 5 kc/see should not be suppressed. For good music 
t ransmission a frequency band from 0.025 to 10 kc/sec is desirable. In 
this discussion anything above 20 kc/sec is taken as the useful high- 
frequency range. 

78. Laboratory High-frequency Meters.—One can distinguish be¬ 
tween frequency meters which act as resonators and those which are 

A 6 



186.- Prentwticy motors tawed on the resonance principle. 


In principle calibrated high-frequency generators. The resonator type 
of frequency meter is more reliable and the simplest representative meter 
is shown in Fig. 188A, where a thermoelectric indicator of low heater 
resistance gives a decided resonance deflection when, by an adjustment 
of a good air condenser C, the circuit is tuned to the fundamental fre¬ 
quency of a loosely coupled test circuit. This type of meter is based 
upon the fact that for L in henries, C in farads (==!()« /A), and effective 
circuit resistance ft in ohms, the frequency in cycles per second, for 
the damping factor a - ft/2 L and logarithmic decrement 5 = ft/^oL 


per cycle, is 

u 


/o-v/i - (£f - W 1 “ IT 


where 



is the natural frequency of the frequency meter with no circuit losses, 
that Is, for ft - 0. Therefore if the damping factor a is very small* 
a frequency meter of this type could be calibrated from a knowledge 
of C and h. A procedure of this kind can be used when high precision 
is not required, although it Is better simply to calibrate this frequency 
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meter by the resonance current I «■ l r by means of a comparison 
against a standard frequency meter. Then u knowledge of the magni¬ 
tude of a is not required and is important only as far ns the nlmrji- 
ness of the resonance setting is concerned. For the sharpness of 
resonance S = *•/5 and the current I in the circuit for any frequency / in 





( 7 » 


since S = t/S - u a L/R and I r » E/R. But L/R is the time constant 
and it must be as large as possible in order to make the sharpness .S of 
resonance large. This can hardly be done in the very low frequency 
range and frequency meters as indicated in Fig. 130 are used only in the 
actual high-frequency range. Having the resonance reading I, for /#, 
and a reading I corresponding to/, the sharpness of resonance according 
to (5) is given by 



yujif =i 

jr- 

7 


(»o) 


By choosing a low-loss coil for L together with a high-grade air con¬ 
denser C and coupling only about one turn U of a loosely coupled aperi¬ 
odic detector with a portable galvanometer as in Fig. 1360, the sharpness 

of resonance can be made even better. 
An ordinary crystal rectifier (galena) and 
by-pass condenser C# are used in the indi¬ 
cator branch. A good frequency meter 
work* with logarithmic decrements as low 
as $ m 0.01. 

Figure 137 shows a circuit which is a 
pnerator of oscillations and a reelifter. 
Therefore the circuit acts as a tube volt¬ 
meter when voltage* due to an external 
_ source are induced in the very selective CL 
branch. The change SI P in the steady plate current is then a measure for 
the magnitude of the induced external voltage. In order to obtain a very 
selective frequency meter, the back coupling M of the oscillator is chosen 

luT.u- rea0n ff e curve iB then ™*y «harp. Care must be taken 
that there is no drawing” effect. By drawing effect is meant forced 
synchronization with consequent frequency jumps. The action of 
this frequency meter is the following. If a loosely coupled resonator 
acts on coil L and is in resonance with the CL circuit, it will draw energy 
from the tube generator and reflect an ohmic resistance into the CL 
ranch. The amplitude of oscillation of the frequency meter will 


^n$tcunytii 



* ( " * 

Fig. 187, 1 -—Tube-frociutncy motor 
(Ii steady plate current whon tube 
generates oscillations; / 3 steady 
plato current whon no oscillations are 
generated; C 0 by-pass condenser). 
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meter by the resonance current ! ~ I f by means of n ^ompariMm 
against a standard frequency meter. Then a knowledge of fin* magni¬ 
tude of a is not required and is important only as far as flu* sharp¬ 
ness of the resonance setting is concerned. For the sharpness of 
resonance S = w/d and the current 1 in the circuit for any Irrcjunmy j is 

j = ~ 7 . - % <•-»> 

Z 1 + **[/.- y 

since S = tt/8 = ooqL/R and I r * E/It But L/H m the time constant 
and it must be as large as possible in order to make t he sharpness S of 
resonance large. This can hardly be done in the very low frequency 
range and frequency meters as indicated in Fig. IM are used only tn the 
actual high-frequency range. Having the resonance rending I, for/,, 
and a reading I corresponding to/, the sharpness of rmmnnco ntTorrling 
to (5) is given by 

s..vw-; i m 

/ /o 

fo ~~ 1 


By choosing a low-loss coil for L together with a high-grade air con¬ 
denser C and coupling only about one turn L« of a loosely con pled ajieri- 
odic detector with a portable galvanometer as in Fig. 130/?, tin* sharpness 



Fig. 137.—-Tube-frequency meter 
(Zi steady plate current when tub© 
generates oscillations; /•> steady 
plate current when no oscillations are 
generated; C 0 by-pass condenser). 


of resonance can lie made even hotter, 
An ordinary crystal rectifier (galena) and 
by-pass condenser C 0 are used in the indi¬ 
cator branch. A good frequency meter 
works with logarithmic decrements as low 
as 5 ■ 0.01. 

Figure 137 shows a circuit which is n 
generator of oscillations and a rectifier 
Therefore the circuit acts as a ttdw volt 
meter when voltages due to an external 
source are induced in the very selective f 7, 


branch. The change 8I P in the steady plate current is t hen a measure for 


the magnitude of the induced external voltage. In order to obtain a very 
selective frequency meter, the back coupling M of the oscillator is chosen 
loose. The resonance curve is then very sharp, run* must U* taken 
that there is no “drawing” effect. By drawing effect is meant forced 
synchronization with consequent frequency jumps. The action of 
this frequency meter is the following. If a loosely coupled resonator 
acts on coil L and is in resonance with the CL circuit, it will draw energy 
from the tube generator and reflect an ohmic resistance into the Cl. 
branch. The amplitude of oscillation of the frequency meter will 
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therefore decrease and the milliammeter will show the resonance deflec¬ 
tion by a decided increase in the steady plate current. If the coupled 
circuit, the natural frequency of which is to be found, is not tuned 
exactly, a small resistance and an additional self-induction or an addi¬ 
tional capacitance is reflected back into the CL branch, depending on 
which side of the resonance curve the detuning exists. Therefore a 
detuning of the CL circuit also takes place. But if the natural frequency 
of the test circuit is too far off the frequency of the tube generator, 
practically no action is reflected into the CL branch and the normal 
plate current I p = /1 is maintained. The detuning is the difference 
between the natural frequency of the test circuit and the effective fre¬ 
quency oi the tube generator for the range of the resonance curve except 
for the resonance point. Therefore when the tube-frequency meter is 
calibrated, the resonance deflection noted by the milliammeter corre¬ 
sponds to the actual frequency of the test circuit. Such a frequency 
meter is very sensitive and especially so when the test circuit carries a 
high-frequency current whose frequency is to be found. A very loose 
coupling between the test circuit and the frequency n^eter (up to 2 m) is 
then possible. Knowing the frequency calibration for different settings 
of the variable-air condenser C, the setting of C is varied until the tele¬ 
phone receiver T gives a low beat note, for instance, 60 cycles/sec, 
checked against a 60-cycle sound of a power circuit. This corresponds 
to a frequency f u The condenser C is then varied through zero beat 
until a 60-cycle beat is again produced which corresponds to a frequency 
h» The average value 0.5(/j + jf 2 ) is then the desired frequency. Figure 
20 shows u calibrated tube generator which can be used for a rough cali¬ 
bration of frequencies. It is known as heterodyne, auxiliary generator, 
or local oscillator. The grid and plate coils (Li 4- L 2 ) are formed by a 
single coil with a suitable tap toward the filament return. It can be 
readily built to cover the entire useful high-frequency range by using 
about six interchangeable coils (L x + L») with a frequency-calibration 
curve on it with respect to the dial settings of the variable condenser. 
A 201 type tube, or its equivalent, with about 90 volts in the plate gives 
sufficient power for almost any laboratory work and a slow-motion device 
on the condenser provides a way of adjusting to zero beat if the frequency 
of a near-by current is to be determined. Switches Si and S 2 , respec¬ 
tively, are provided to shunt a grid meter (a direct-current meter of 
l-ma full deflection) or a telephone receiver. Either instrument can 
be used as a most sensitive resonance indicator if a loosely coupled CL 
circuit is to be calibrated. It is then unnecessary to have a meter in 
the CL circuit. But as the CL circuit goes through resonance corre¬ 
sponding to the frequency setting of the generator, a decided “grid dip” 
will be noted. At the same time a click is noticed in the telephone 
receiver. In order to do this, a loose coupling is required and very little 
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energy is drawn by the CL circuit. If the coupling is chosen too small, 
the dip will not be pronounced and a faint breathing noise will be noted 
in the receiver. For a too close coupling, one resonance circuit takes 
the other one along (drawing effect) and double dips as well as two clicks 
at two different settings of the 0.001-/xf condenser will be noted. I he 
actual resonance setting is somewhere between the two settings, and the 
two settings are not the same when the dial of the 0.001-^f condenser 
increases or decreases the capacity. Therefore it is necessary to reduce 
the coupling until the two clicks coincide. Figure 138 shows the dyna- 
tron frequency meter. 1 In reality, the circuit acts as a pliodynatron. 

+2X/0 S Amperes 



Fig. 138.—Dynatron. frequency meter (dynamic resistance r v « 

■—(30 - 20)/(10“ 3 — 0.13 X 10“ 3 ) = —1150012), 

The ordinary double-grid tube (222 or its equivalent, or the 224 type 
tube or its equivalent as shown in the figure with an indirectly heated 
cathode) can be used for this work. When the shield-grid connection 
is used, as in the figure, the plate resistance has a negative resistance 
action r v over quite a range and, for instance, for the 224 type tube is 
about —12,8000 if the control-grid bias E e is zero (control grid and 
indirectly heated cathode connected), as can be computed from the 
plate-voltage change to corresponding plate-current change along the 
almost straight-line drooping characteristic. Therefore when E a = 0 
is chosen and a screen-grid voltage anywhere between 67 and 90 volts 
is used for a plate voltage E p = 22.5 volts, the plate resistance r p is 
negative and practically constant along the linear portion of the charac¬ 
teristic with the operating point about at the middle of this portion. 

1 Worthen, C. E., Gen. Rad. Experimenter , 4, 1, May, 1930; P. D. Zotter, Q. 8/F. , 
14, 39, 1930, and H. Iinttma, Proc. I.R.E. , 18, 537, 1930. 
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since, because of wL = l/(wC) and 8 — B/(2fL), the current contribution 
due to the mth harmonic is practically 
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Ejn _ 771 E m 

T coL m 2 — 1 wL 
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m 2 - IttR m m 2 — 1 RS 
for m = 2, 3, 4, and for the fundamental / x = i^/i? and 

It = VAH- / 2 2 + /a 2 + / 4 2 + • ■ • IJ (9a) 


Hence, if a frequency meter is used with an effective logarithmic decre- 
ment 8 = 0.01, a second-harmonic induced voltage as high as 25 per 
cent and a third harmonic as high as 10 per cent, both with respect to 
the fundamental, gives E 2 /E x = K and E z /E x = Ko- The sharpness 
of resonance then is S = w/ 0.01 = 314 and the current response in the 
resonance indicator becomes 



Mi + i 1 
JS L 2(6 X 314) 2 J 

The microammeter /*a then registers a resonance current which is prac¬ 
tically the correct value Ei/R due to the fundamental alone. But 
suppose the resonance indicator adds enough resistance so that 8 is as 
high as 0.314, then S = 10. Therefore, when only a pronounced second 
harmonic is present and as strong as 50 per cent of the fundamental, 
which may happen, E 2 /E 1 = 0.5 and the indicated current 



if 1 1 denotes the true resonance current E%/R. The registered current 
is then only 0.056 per cent too high. However, the error may become 
appreciable if an auxiliary resistance is inserted in the resonator tuned 
to the 5 fundamental and may play a part in the resistance variation 
method described in Sec. 126. 

If a tube voltmeter or some other voltmeter of very high input 
impedance is used to note the fundamental resonance in the C L R circuit 
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of Fig. 136, the microammeter tx& is dispensed with, and the voltage 
across C is measured. It is practically equal to the voltage across the 
coil L and, if h denotes the fundamental component of the coil current, 
one has, for the effective voltage due to the fundamental only, 


I^L - | l c cL = fa = SEx 


and for any higher harmonic of frequency moo/ 2x, the effective voltage 
contribution 

YY) ® 

I m mccL = “—T - ^E m 
m 2 — 1 


measured also by the tube voltmeter, but in quadrature, since the square 
root relation of (9a) also applies to the effective voltages. Hence, the 
resultant effective voltage E r measured across L becomes 




if Eq stands for the true resonance voltage across the tuning condenser C. 
Hence, applying this formula to the above example for the sharpness 
S = 10 of resonance and only a powerful second harmonic of SO per cent 
strength with respect to the fundamental, since E%/Ei ™ 0.5, the appar¬ 
ent measured resonance voltage is 


Er « E { 


■V 


16f 


4 


=» Eq \ 1 + 


t 

90S 




The measured apparent resonance voltage is then 0.222 per cent too 
high. The error for the resonance setting with a voltmeter is therefore 
greater than when resonance is indicated with a current meter. This 
can also be understood from the respective correction terms in formulas 
(9) and (10), since for the current measurement the series %a 4* + 

1 M 25 'Y an d for the voltage readings the series l %a + + 2r, f-las7 

play a part. 

80. Direct-indicating Frequency Meters.—The voltage across a good 
copdenser is a function of the frequency, if the current is kept constant. 
The same holds true for a pure inductive reactance where, for a con¬ 
stant current I through L, the voltage 2 vfLI is directly proportional to 
the frequency /. When the current I is not constant, in each case the 
terminal voltage also becomes a function of the current which would be a 
great drawback if such reactances were used in direct-indicating fre¬ 
quency meters (by means of the terminal voltage), since the current 
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would have to be adjusted to the value used for the calibration. How¬ 
ever, if a pure inductive reactance 2 rfL is connected in parallel with a 
condenser of reactance 1/(2 vfC), the ratio of the coil current to the con¬ 
denser current is proportional only to the square of the frequency /, with a 
proportionality constant AwKL, and no longer dependent on the total 
current passing to the parallel combination. For a pure resistance R 
in multiple with an inductive reactance 2 jt fL, the ratio of resistance to 
coil cm rent is directly proportional to / with a factor of proportionality 
of 2wL/ll, while for a capacity reactance 1/(2 rfC), used instead of the 
coil, gives an inverse-frequency law for resistance to condenser current 
with a constant of proportionality of l/(2wCR). The effective-resistance 
components of the coil and the condenser are neglected in these formulas. 
Therefore, it is only necessary to find a means of measuring the ratio 
of the branch currents. This can be done by the heat effect of the 




hot-wire direct-reading frequency meter of G. 
Ferric* and T. Carpentler is an example. The 
meter Is indicated in Fig. 139 where a pure resist¬ 
ance H carries the current h also passing through 




• l.u„ubrr M<m„ 32, 427, I!)t(). 
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frequency meters due to G. Seibt 1 and 0. Scheller 2 are based on the short- 
circuit ring dynamometer due to L. Mandelstam and S. Papalexi. 3 This 
principle is also made use of in the direct-reading frequency meter of the 
Weston Company employed for the lower-frequency range. As far as 
the operation is concerned, the frequency meter consists, as in Fig. 140, 
of two fixed coils Si and $ 2 which are mounted perpendicular to each 
other with a pivoted short-circuit ring (conveniently of aluminum) $ 3 . 
When the branch currents h and / 2 pass through Si and >S 2 , respectively, 
the deflection of S s is proportional to the product Ii I 2 , since the twb 
magnetic fields of coils St and $ 2 generally produce a resultant field which 
is elliptically polarized, that is, an elliptical revolving field. This field 
takes the short-circuit ring along, since it has a tendency to place the 
plane of the ring into the major axis of the ellipse. Hence, if one branch 
current Ii passes over R and the other Z 2 over 2irfL, the ratio I 1 /I 2 varies 
with / and the deflection of S 3 can be directly calibrated in frequency. 

A frequency meter of similar construction is 
also due to W. Hahnemann. Special construc¬ 
tions are needed for the high-frequency range. 
The thermocross bridge (Fig. 59) and the three 
thermocross arrangement of Fig. 143 can also 
be used to make a direct-reading frequency 
meter, since these indicators deflect propor¬ 
tional to Direct-reading high-fre- 

only over a small range (say 100 cycles/ 
sec) about the actual resonance setting (say 500 kc/sec) can also be 
obtained by using the deflections of an ordinary frequency meter. The 
circuit of Fig. 1365, for which the capacitance (7, inductance L, and the 
coupling to the aperiodic indicator circuit are all fixed, can be used for 
this purpose. The frequency meter is then so coupled to a source that 
at the desired high frequency / the resonance deflection is just equal to 
the maximum reading of the indicator. If then the frequency of the 
source is changed by a small amount ± A/, the reduced indicator deflec¬ 
tion is a measure for the frequencies / + A/ and / — A/, if A/is relatively 
small and the resonance curve essentially symmetrical over the work 
range with respect to the maximum response. However, this scheme 
does not tell directly whether the frequency has been lowered or raised 
by A/, unless a small variable vernier condenser is used in parallel with 
C. (If an increase in the vernier capacitance is required to restore 
maximum deflection, the frequency is raised.) A frequency indicator 
yrhich avoids this complication and is very accurate is the piezo-electric 
glow-discharge resonator due to E. Giebe and A. Scheibe. 4 It uses a 
1 Jahrb . d. drahtl. , 22 , 504 , 1916 . 

* Jahrb. d. drahtl , 22 , 507 , 1916 . 

1 Ann. Physik.j 33 , 490 , 1910 . 

4 Z. Physik ., 33 , 335 , 1925 . 



Fig. 140.—Dynamometric 
direct-indicating frequency 
meter., 


quency meters working 
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quartz resonator which with the “crevasse” method of indication was 
originally used by W. Cady. 1 The direct-indicating Giebe-Scheibe 
luminous piezo meter of the Locwe Radio Co., Berlin, consists of about 
five piezo-electric resonators, 1, 2,3,4, 5, in a mixture of helium and neon 
gas of 10- to 15-mm pressure of mercury. The crystal 3 corresponds 
to the desired high frequency and crystals 2 and 1 are successively at a 
somewhat smaller frequency, just as for crystal 4 a somewhat higher 
frequency (f +• Af) and for 5 the resonance frequency (f + 2Af) exists. 
The resonator which is affected will glow up with a characteristic pattern 
and the indicator works similarly to the commercial frequency indicator 
where several vibrating reeds are used for a frequency range from about 
68 to 62 cycles/sec. The reed for which the natural frequency is the 
same as the frequency to be indicated will vibrate. In the Giebe and 
Scheibe glow-discharge indicator; it is easy to indicate the resonance 
condition, since only a suitable pick-up coil is connected across the several 
resonators and a large glow discharge takes place just before accurate 
resonance response takes place. When the frequency to bo adjusted 
is then further varied by a small amount toward the desired frequency, 
the large glow discharge of the tube gradually concentrates toward the 
crystal and at resonance (which is very sharp) it gives a distinctive 
glow-discharge pattern on the crystal which is characteristic to the mode 
of crystal vibration anti the order of it. Since in this indicator only a 
small window in front of the crystals is used, only the distinctive glow 
patterns will be seen and the bright spot moves from the left to the right 

us the test frequency is varied from a lower value to a somewhat higher 

value. The accuracy, however, Is not good enough for primary-fre¬ 
quency standardization. Here it is more convenient to use a piezo 
oscillator with a proper temperature control and no glow discharge. 
The vibrations of the quartz resonator can be expressed by 

oegjj + /9~j| 4 * yy m kE * (l 1 ) 

where y denotes the displacement at any time t due to a sinusoidal voltage 
E act ing across the resonator coatings. The equivalent electrical con¬ 
stants of t he series combination are (7 - k*/ 7 ; L «* <*/&“ and Ji «* 0/k* 
for a quartz rod vibrating longitudinally along the y dimension but excited 
by t he voltage E along the piezo-electric x dimension which is perpen¬ 
dicular tot he optic axis and t he y dimension. If the air-gap effect arid the 
capacity effect of the electrode mounting in shunt to the equivalent 
series combination are neglected, Eq. ( 6 ) of this chapter can be taken for 
the equivalent current 1 at any frequency/and the equivalent resonance 
current l, for the frequency fa. The sharpness of resonance is then 



« /'%», to., 17, 831, 1921; 18, 142, 1021; Proc. I.R.E., 10, 83, 1022. 


(12) 
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that is considerably larger than for any electric resonator. If the 
decrement is found to be 5 = 0.00005, the sharpness of resonance becomes 
8 = r/S, that is, very favorable. 

81. Calibration of Frequency Meters.—The calibration of a frequency 

meter is usually carried out by means of a standard frequency meter. 
In the method indicated in Fig. 141, distorted currents from a tube 
generator are rectified by a thermionic tube which can also bo an ordinary 
three-element thermionic tube with the grid and plate connected together. 
The rectifier makes the harmonic content still richer. A step-over 
resonator is used to transfer a small amount of the energy to the frequency 
meter to be calibrated or to a standard frequency meter which is used 
for comparison. ' For a certain setting of condenser C i, the stop-over 
resonator is tuned by means of C% to the fundamental frequency / of the 
oscillator. This condition exists whep a maximum deflection occurs 



Fig. 141.—Calibration with a step-over Fig. 142.—Calibmtlcm with a th«raio» 

resonator. cross bridge. 


on the thermoelectric indicator d. Then the frequency meter to be 
calibrated is tuned to / and resonance occurs when the indicator of the 
step-over resonator passes- through a decided and sharp minimum d t . 
The test-frequency meter is then removed and a standard frequency 
meter loosely coupled to the resonator and resonance obtained in the 
same way. The redding on the standard is then the desired frequency. 
Next, the same process is repeated for the second and, if possible, for the 
third harmonic, giving the calibrations for frequencies 2f and 3/, respec¬ 
tively. Hereafter another suitable setting of C\L t is chosen correspond¬ 
ing to a fundamental frequency/i of the oscillations and the calibration 
points for/i, 2f x , and, if possible, for 3/ t are obtained, and so on. A very 
wide frequency range can be covered with this scheme. The purpose 
of the step-over resonator is to induce only pure sinusoids in the frequency 
meter and to give sharper resonance indications, since the absorption 
type of resonance curve utilized when taking the frequency-motor sel l ings 
is very sharp. Figure 142 uses the thermocross bridge, to which a circuit, 
to be calibrated in frequency is loosely coupled, as an indicator. A few 
turns of the thermocross bridge are loosely coupled to the oscillator and 
about the same number of turns of the bridge are loosely coupled to t he 
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test circuit. The galvanometer deflection d of the bridge will then pass 
through zero when the test circuit is exactly in tune with the oscillator 
which should produce a pure sine wave, since for this case = 0, 

and the currents ii and i 2 are one-quarter period out of phase. The 
method indicated in Fig. 143 likewise produces zero deflection for reson¬ 
ance, since again by means of the connection of the three thermocrosses 
the §iii 2 dt effect is produced. In each case the frequency of the tube 
generator (which is conveniently shown in Fig. 20) is accurately found 
by the grid dip which occurs when a standard fre¬ 
quency meter is coupled to it. 

If a tube voltmeter of high input impedance is 
used to measure the terminal voltage E across the con¬ 
denser C of a resonator, the natural frequency of the 
CL branch can also be computed from the current and 
voltage readings by means of 

/ = 159^ (13) 

where / is in kilocycles per second, I in amperes, E 
in volts, and C in microfarads, which is the outcome 
of the well-known relation wCE = I. This method 
is not to be used for the calibration of frequency 
meters but may be of value for certain circuits with natural frequencies of 
interest. 



tiori by moans of thre© 
thermo elements. 


82. Determination of the Frequency of Received Currents.—Some¬ 
times it is desirable to check up on the frequency of a remote station 
and use this method to compare frequency standards in different coun¬ 
tries. It is as follows: Laboratories located in different countries tune 
in on the same station at exactly the same time and determine the frc- 



•Stmekiref /hear, 
meter 


Fig. 144.—Determination of the frequency of a remote station. 


quency of the received current. If the standards of various laboratories 
are alike, there should be no difference in the / setting. For such work 
it is best to choose suitable short-wave stations or low-frcquency stations 
(20 to 100 kc/sec) which can be readily picked up anywhere. All other 
points of the frequency meter can be obtained by the harmonic methods 
after several points have been secured in this way. Figure 144 gives a 
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circuit for such work. A local generator is coupled a certain distance 1 
from the receiver. The frequency of the local oscillations is varied 
until a beat current becomes audible in the telephone receiver T. The 
frequency of the local generator is then varied further until zero-beat 
condition is obtained, and the frequency of the local generator is deter¬ 
mined by a loosely coupled frequency meter. The correct frequency is 
obtained when the grid meter just registers a dip for a certain setting of 
C 4 . For long-distance stations, a few stages of high-frequency ampli¬ 
fication are used between the antenna and the detector, and the local 
generator is then conveniently loosely coupled toward the detector 
stage so that very high frequency amplification can be used without 
blanketing out the signals to be received. For receiving long-wave 
transoceanic power stations (corresponding to about the range 20 to 
150 kc/sec), about three stages of resistance-capacity coupled amplifica¬ 
tion with a regenerative output detector and one or two stages of audio¬ 
frequency amplification are sufficient. It should be noted that for this 



Fig. 145.—F re¬ 


kind of work it is unnecessary to have the received 
current modulated, since audibility is produced by the 
local beat interference. If several stations affect the 
receiver (which is especially the case when the fre¬ 
quency of a long-distance station is to be measured and 
some near-by stations of a neighboring frequency or 
some harmonic frequency also produce beat tones), the 


quency determination zero-beat method, is unsuitable because, as the current 
means of the equal- whose frequency is to be determined passes about 
pitch method. through zero-beat tone, another signal may produce a 

tone and drown out the desirable zero-beat condition. It is better to 
adjust to a suitable beat tone as in Fig. 145. In this method the measure¬ 
ment is carried on by adjusting to the same pitch of the beat note on each 


side of the resonance curve. For simplicity, only the generator is shown. 


Antenna, amplifier, and detector are as just described. The process of 


measurement is: 


1. Adjust the frequency of the local generator to about the value to be determined. 

2. The condenser Ci of the antenna (Fig. 144) is varied until the telephone receiver 
produces a beat tone. 

3. The setting of C 2 (Fig. 144) and the back feed M of the regenerative detector 
are varied until optimum loudness is obtained without producing self-oscillations in 
the detector. 

4. The condenser C 8 of Fig. 145 for the switch S open is varied until a suitable 
pitch of the beat tone is heard. In many cases a 1000-cycle note will do and may be 
readily secured by listening at the same time to a 1000-cycle tuning-fork oscillator 
(buzzer type of the General Radio Company will do) and adjusting to zero beat 
between both tones. ’ 


5, Switch 8 is closed and C 0 varied until the same beat tone is heard again. This 
can be readily done by quickly opening and closing the switch while varying C Q until 
the same pitch is heard. 

1 Otherwise the energy of the local generator paralyzes the sensitive detector. 
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Generator I Generator H 
of free] f f - of freq f z m qj? 


The condition with S open and S closed then corresponds to the fre- 
quencies f — f a and / + f a , where / is the frequency of the received 
current, and f a the pitch of the beat tone for each position of S. The 
frequency/: of the local generator is measured with the loosely coupled 
standard frequency meter when S is open and the fre¬ 
quency / 2 when S is closed. The frequency of the 
received current is found from M(fi + /f)* 

83. Notes on Methods Using Harmonic Multiplica¬ 
tion and Division.— For calibration work of the entire 
useful high frequency, higher harmonics and so-called 
“ subharmonics ” greatly facilitate the work, since it is 
then possible to cover the entire range with only one 
accurate reference frequency which is conveniently 
produced by a thermostatically controlled piezo-electric quartz oscillator. 
In Fig. 146, two generators of fundamental frequencies/: and/ 2 act on 
the same detector which can be used for listening to any beat notes or 
indicating the condition of zero beat. The rectifier can be an ordinary 
galena detector, a two-element thermionic rectifier, or a three-element 
tube in the detector connection. 



Fig. 14 6. — Ar¬ 
rangement for the 
production of audible 
beat currents. 



Fig. 147.—-Compact laboratory boat-frequency generator. (Rotating condenser for 
warbling beat note* in certain acoustic measurements.) 


Figure 147 gives a beat-frequency generator of fixed high frequency / 2 and variable 
high frequency /i. The pulling effect near the zero-beat frequency is minimized 
here by using a very loose coupling between the two high-frequency generators of 
frequencies f\ and /a, respectively, and a stage of high-frequency amplification foi 
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each high-frequency oscillation before mixing them in the rectifier. According to the 
experience of the Sound Laboratory of the Bureau of Standards, a circuit of this type 
works satisfactorily down to about 10 cycles/sec, and with a fairly good wave shape 
(harmonic content less than 5 per cent). UX 112-A tubes or their equivalent perform 
well when the fixed condenser 0.002 [A in the respective high-frequency oscillators is 
of good make and all tubes are surrounded by heavy brass tubes to keep the oscillator 
coils (55 turns) free from appreciable temperature effects. For other details: the oscil¬ 
lator coils which produce the high frequencies/! and / 2 , respectively, are wound on 
334-in. diameter bakelite tubing about 6 in. in length. The three coils are wound 
approximately 2 in. on centers,, although this distance is not critical. The tuning coil 
contains 55 turns, the plate coil 40 turns, and the coupling coil 18 turns, all of No. 20 
A.w.g., double-cotton-covered wire. The tuning or grid coil is placed in the center. 
Each oscillator is placed inside a separate metal box of about 34-in- thickness. The 
same is true for each high-frequency amplifier stage, while the detector stage (fre¬ 
quency mixer and rectifier to produce frequency f L —/ 2 ) is not shielded separately 
and a proper negative grid bias is used for the detector tube. The entire assembly 
is surrounded by a large metal box which is grounded. The audio frequency at the 
output terminals is about 4 volts and varies only a small percentage over most of the 
audio range. A sharp cut-off at the upper limit of the audio range is due to the by¬ 
pass circuit in the output of the detector stage. This circuit prevents any high- 
frequency currents from being passed from the oscillators and supersonic harmonics 
of the audio frequency on through the output. When an absolute elimination of 
harmonics is required, a two-stage filter should be used. As to the design of the 
variable condenser (0.00035 uf) with the audio-frequency* calibration (fi — / a ) on its 
dial, it is desirable to set the oscillator frequency with the same precision at any fre¬ 
quency. This requires a variable-air condenser which gives a frequency variation 
with the logarithm proportional to the rotor angle. The curve between the audio 
frequency (fi — / 2 ) against the dial setting is then a sloping straight line when plotted 
on semilogarithmic paper (ordinary scale for rotor angle and logarithmic scale for 
audio frequency). Choose the fixed high frequency/ 2 so that maximum and minimum 
audio frequency occur for minimum and maximum high frequency fi of the variable 
oscillator. The audio frequency will then increase as the capacitance of the air con¬ 
denser is increased. 


With reference to Fig. 146, the instantaneous value of the current 
iz is 

iz = Ki sin (co^ + <p x ) + / 2 sin (oj 2 t + <p 2 ) }« 

Since the value q = 2 is of importance only for customary detectors, 

*3 = h 2 sin 2 (c ot + <p x ) + / 2 2 sin 2 (a > 2 t + <p 2 ) currents of frequencies 1 

r 2 /i; 2/s, and zero 

-r ill 2 cos L(coi — o) 2 )t + <pi — <p 2 ] audible beat component of 

rr r / i \ frequency/! - f t 

i\i 2 cos LOi + u 2 )t + ?! + <p 2 ] current of high frequency 

/i+7* (14) 

Hence, if m and, n denote whole numbers, such as 1, 2, 3, 4, etc. m 

II 5 ° f (i eMlerat0r and nI ' ^ E»« bla harmonic of 
generator II. The telephone receiver in the detector circuit will there- 

1 Since / 2 sin 2 x = 0.5/ 2 - 0.5/ 2 cos 2x. 
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fore give a tone whenever the frequency (/«/, — n/ 2 ) falls in the audible- 
frequency spectrum. Hence, if frequency /, is gradually varied, at first 
a high-pitched tone is heard, which gradually becomes lower in frequency 
until it passes through the silent' region (+ 16 over zero to -- 16 cycles/ 
sec) in order to raise again in pitch until the frequency (mf t — «/ 2 ) falls 
again in the supersonic range. For measurements the case 

mfi - nf t (15) 

plays a part because zero-beat, frequency exists for such a condition. 
For the same reason as in the last section, it is often better to adjust the 
circuits for a suitable beat note, that is, make 

rnfi - nft « f b (16) 

where the beat frequency /* can be found by a tuned vibration galva¬ 
nometer 2 or a sonometer (see Fig. 157). If the beat notes are too weak, 
as is often the case, a tuning-fork drive of known pitch is used and the 
circuits are adjusted until zero beat occurs between the sound due to 
ft, noted in a telephone receiver and the sound coming from the tuning 
fork. To find the order of the harmonic, for instance, for fundamental 
frequency f u an auxiliary generator, such as shown in ,Fig. 20, with a 
rough calibration can be used. It is also possible to find the order of a 
high harmonic by adjusting for absolute zero beat for the harmonic mf j 
and the next harmonic (m + l)/t and measuring the approximate fre¬ 
quencies nift and (m + l)/i with an ordinary 
frequency meter. The difference between the 
two readings then gives the approximate value 
of the fundamental frequency, since 

fx - (m + 1)/, - mfx (17) 

and by dividing the consecutive frequency 
readings by this value/t gives the order m and 
(m + 1) of the harmonics. Hence, if in (15) Zmimtd ZtZ 

either/i or / 3 is known, the corresponding fre- portion* the *uper*onio «>ndl- 
quency of any higher harmonic can be found, 

An application is as follows: Let the fundamental frequency ft of the first 
generator 1st fixed and 100 kc/sec. If the frequency ft is gradually 
increased from a small value, (he telephone receiver in (he detector from 
about f% « 85 kc/sec on will start to sound with a high-pitched tone. 
With a further increase, the beat note becomes lower (Fig. 148) until, for 
ft » 100 kc/sec, zero-beat frequency is reached. A further increase In/t 
again produces a beat current of increasing frequency. If the coupling 
to t he detector is properly chosen, the condition for the critical zero fre- 

1 Automatic synchronization in not taken into consideration hero. 

*The (ittneml Radio oscillograph galvanometer can be used for this purpose. 
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quency can be readily adjusted with the visual indicator. Thus are 
obtained successively the critical zeros in the beat frequency for 


ah = h = 100) (l 

- h = 200 / f or a _ /2 

= h = 300( K /Sec tor )3 
= h= 400/ (4 

and the calibration points /, = f u 2f h 3 h, ih, etc., for the second genera¬ 
tor. But if the frequency h is changed and the fixed / 2 frequency is 
known, the calibrations h = / 2 , /,/2, /,/;3, /,/4, etc., for the first genera¬ 
tor are obtained. Hence, if a frequency meter is loosely coupled to either 
one of the generators, points pf and f/p can be calibrated. If the beat 
tone is produced by a so-called “fractional-reference” frequency such 
as for all values of f/p and p of a higher order such as p = 10, it is best 
to couple the frequency meter to the generator which produces the 
higher harmonic. The beat tone will then be much louder. For small 
values of p it does not matter to which generator the frequency meter 
is coupled, especially if a detector with successive audio-frequency 
amplification is used. In taking such a series of harmonic readings, it 
wiU be noted that the values of p are not always whole numbers, such as 
1, 2, 3, 4, etc., but may have values such as 1.25, 1.5, 1.66, etc., and it 
may seem that Fourier’s theorem no longer holds. However, this is 
not the case, since in Eq. (15) all integer values of m and n occur and 
zero-beat conditions hold for any such values as make mfi — nf 2 = 0. 
n this equation the ratio of the whole numbers for m and n must be 
chosen so that it is equal to the corresponding fundamental-frequency 
ratio of the two generators, that is, 


h = m 
h n 


(18) 


lf ’J° r the reference frequency/, pf = 1.66/the case is simply 1.66/ 
Ah Now if / is found from the measurement to be the fundamental 
frequency /one obtains from 1.66/, = %h the relation 5/, = 3/ 2 . The 
Mth harmonic of the first generator'then beats with the third harmonic of 
e second generator. But if the measurement shows that the calibration 
frequency is/1/I.66, it is found that 3 h = 5/ 2 and the third harmonic of the 
^ Stator beats with the fifth harmonic of the second generator. 
Therefore one has the case of beats between higher harmonics. The beat 

tone is then much weaker but is a means of getting more calibration 
points. 


freaSr/?‘~ S l U 6 P 0°r/ 1 = 7 ^7° the S6C0nd tor has a fundamental 
Wn? 7 U ~ 60 A combmatlon current is then obtained whose inter- 

ference frequency is 160 - 106 = 54 kc/sec. The beat current cannot then be audl 
be. But the first generator also has a harmonic ?/i = 212 kc/sec whose em-rent 
together with the fundamental current due to the second generator nroduces tho com- 
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bination current of boat current 212 — 160 * 52 kc/sec, which is again supersonic, 
that is, beyond audibility. But the two combination currents just mentioned inter¬ 
fere with each other in the detector and produce a beat note of frequency 54 — 52 *» 
2 kc/sec, and an adjustment of ft to a value of /a 159 kc/aec must give the aero- 
beat frequency condition of this heat note. The ratio f%ff% — 15 ?fo6 w l.5 shows 
that the second harmonic of the second generator beats with the third harmonic of 
the first generator. This xem-bent condition can also be proved with the harmonic 
frequency 3/i ■« 31 8 kc/sec, since 

3/ t - f% - 318 - 160 - 158 kc/sec - f $ 

ft - ft - 160 - 106 - 54 kc/sec « }< 

ft — ft ® 104 kc/sec ® ft 

ft - A - 2 kc/sec - /*,udio tmt 

and it can again be Been that/® must be changed to 159 kc, in order to bring the tone 
of 2 kc/sec^to ssero frequency. Hence, the combination current** which arc supersonic 
combine again with other inaudible combination currents to produce finally low- 
frequency effects and, if proper adjustments are made, the condition of zero-beat 

frequency* 


Harmonic methods seem Involved at first, but practice will show that it 
is not very difficult to determine the order of harmonics, since one 


reference frequency (either /i or f%) is 
known and, as shown in connection 
with Eq. (17), the order of harmonic 
can be found with an approximate 
frequency calibration and two con¬ 
secutive harmonics. 

84. Modified Lecher Wire System 
for the Determination of Frequency.— 
A parallel-wire system bridged over 
with a current meter of negligible resist¬ 
ance can be used for the determiner 
(ion of frequency. The arrangement 
in Fig. 149 can bo used for this purpose. 



Fio. 149. Fretjucncy callhralion by 
means of a pandhd-wirc system and 
correct Itm curve (a «*» distance btjtoMKk 
centers ® 4,2 om. md diameter 4 m 0.14 
cm), , ; 


electric meter with a maximum reading of about 0.1 amp and about 5-0 
heater resistance. In shunt to the meter is a stout copper wire (about 2 
mm in diameter) to make the effective resistance of the parallel combina¬ 
tion negligibly small as far as wave reflections are concerned at the meter 
bridge. A still better arrangement consists of a small student galva¬ 
nometer in series with a fixed crystal detector and this series combination 
in shunt with the stout copper wire. The indicator is then sensitive 
and when mounted upside down can be readily read off from below the 
parallel-wire system. Inasmuch hh this method is turned on voltage 
and current distributions along the double line, it is best to deal in terms 
of wave length first,, since tikis is the physical quantity which is measured. 
For practical reasons it is then well to work with short wave lengths which 
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are somewhere between 4 and 20 m and find the calibration for longer 
wave lengths by means of the harmonic method just described with a 
loosely coupled tube generator (Fig. 150) whose frequency range is lower 
than that of the exciting voltage E^K The circuit is then essentially 
the network investigated at one time by the Bureau of Standards* and 
settings on the frequency meter to be calibrated consist in the comparison 
of the harmonics of the auxiliary generator with the short half wave- 
length distributions along the double line. The meter bridge is moved 
along the double line and the distance l between two maximum current 
settings noted. This distance is equal to half the wave length developed 
along the line. In order to keep the double line short, a variable-air 
condenser C is connected across the line near the input side where the 

voltage is impressed and the setting qf 
the condenser C is changed so that the 
two maximum current settings of the 
meter bridge (a distance l = X/2 apart) 
occur closer to the input side. The dis¬ 
tance l is carefully scaled off and ex¬ 
pressed in meters. Since the true wave 
length X 0 in free space differs somewhat 
from X, a correction term A must be 
used, and 



Fig. 150.— Modified Lecher wire system. Xq = 2Z[1 -j- A] 

where X 0 and l are in meters, giving the corresponding frequency 

1.4991 X 10 6 , 


/ = 


l 


-(1 ~ A) 


(19) 


where / is in kilocycles per second, which is used in the computation, 
f an accuracy of from Ho to H per cent is sufficient, the term A can be 
ignored!. The correction term A depends on the frequency, resistance, 

a "™ tanCe ° f tlle double line and can be read off from the graph 
of Fig. 149 if the dimensions given are used. Otherwise, it can be com¬ 
puted from 

A __vr„__ 

where »ioe.«v„u - wm <20) 


B 


i + 

d/a 


( 21 ) 


For ordinary parallel lines, the distance a between the two conductors 

jd 2 a !/ V j y mu S V 0mPared with the diameter d of the conductor and 
— / . I he distance a is to be measured between the axis of the 

f«" d r ' H ' En ” l ' *-• 5 “- ^ «. « - 
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parallel conductors. The quantity ro denotes the direct-current resist¬ 
ance per centimeter length of the double line and in the e.m. c.g.s. system 
is (10 9 e.m.u. = 18). The frequency w/2jr in (20) is expressed in cycles 
per second. A numerical example is given in Bureau of Standards 
Scientific Paper 491. Computations show that small nonunifonnities 
in wire diameter d leave no appreciable effect on A. The same holds 
true if there are slight variations in the spacing a. Even for a spacing 
a = 4.7 cm between conductors instead of a - 4 cm for the given range 
(16 to 34 Mc/sec), the average deviation is only 0.003 per cent. The 
above frequency range requires a parallel-wire system of about 14 m in 
length and the room must be; somewhat longer in order to have space for 
the insulators (about 14 cm long) and the coil springs to keep the con¬ 
ductors stretched (Fig. 160). The high-frequency generator I delivers 
about 50 watts and is loosely coupled to the input semiloop, and the 
condenser is varied so that the first, current loop comes close to the input 
end. The meter bridge is moved toward the open end until another maxi¬ 
mum current reading is noted. The frequency meter to bo tested is coupled 
loosely toward generator I and tuned to its fundamental frequency and 
/ computed from l and A by (19). Hereafter the frequency of generator I 
is changed and another calibration point obtained. By this procedure 
calibrations up to X 18 m can be carried out. For frequencies corre¬ 
sponding to still longer wave lengths, the method is as follows: 

1. The generator I is so adjusted that 1 “ 5 tn; that is, the wave length X developed 
along the parallel line is 10 m. This corresponds to about 30 Mc/see. 

2. The beat-frequency indicator (which contains two stages of audio-frequency 
amplification) is tuned to this frequency so that any higher harmonics of the generator 
I cannot, affect, this indicator. 

3. The frequency of generator II is varied until it produces about the same funda¬ 
mental frequency as generator I. A strong heat tone will he heard which will dis¬ 
appear when the frequency of II is exactly that of generator J. 

4. The frequency meter is now coupled toward generator II and the calibration for 
/ obtained by means of the resonance setting. This corresponds to a frequency of 
30 Mc/sec. The condenser setting C« of generator II is increased until the next heat 
tone appears. The setting of C» is further increased until for soro-beat note the 
frequency of generator II is//2 «• 15 Mc/sec. This frequency is transferred again 
to the frequency motor to be calibrated. This woutd correspond to a wave length of 
about 20 m. In this way calibrations can bo carried on up to 40X « 400 m, corre¬ 
sponding to a frequency range down to about 750 ko/sec. 

5. in order to extend the range still farther, the fundamental frequency of gener¬ 
ator I is changed to a value wiiich gives, for instance, a length l - 9 m, that is, X » 
IK m mid X, - (1 + A) - 18 X 1.00135 - 18.0248 m, which is 2.48 cm larger than 
the wave length developed along the line. 

If t,hc beat-no to procedure is carried on in this way up to about 25 A« 
by menrm of the higher harmonic setting* of generator II, the calibration 
will iw extended to about 900-m wave length, that is, down to frequencies 
of about 333 kc/seo. This is about the limit which can lie obtained 



192 


HIGH-FREQUENCY MEASUREMENTS 



Fig. 151. — Double 
hump phenomenon for im¬ 
proper 


with a line of about 14 m in length. If still lower frequencies are required 
a longer line must be used, or one of the harmonic methods describe® 
later, in order to extend the range farther dow P* 
In the theory given in the Bureau of Standard^ 
Scientific Paper 491, it is shown that special prl^ 
cautions are to be taken with respect to the fre# 
end effects of the double line. It is the distant* 
h indicated in Fig. 150. For all measurement^ 
carried on in the Bureau of Standards, this diiT 
tance was always small compared to the quart# 
wave-length distribution or any other odd muk 
tiple of it, because, for such free ends, radiatiof* 
would take place and the well-known double** 
hump phenomenon would occur. This double-* 
hump phenomenon is due to the well-know$ 
interaction between the tuned open-end branch 

wire system. 8 (abscissa^gives and the tuned branch from the meter bridge to 
position of meter bridge the input side, the bridge forming the coupling, 
mthregard to an arbitrary This was als0 substantiated by E. Takagishi' a« 
brought out in Fig. 151. 

85. Calibration of a Frequency Meter by Means of Lissajous Figures 
on a Cathode-ray Tube— The method shown in Fig. 152 is perhaps th# 
earliest precision procedure employed in several laboratories to calibrate 
frequency meters with the harmonic method. It was also used at on© 
time in the Bureau of Standards {Scientific Paper 487) in connection 
with a cold-cathode-ray tube. The 
method makes use of the procedure 
described in Sec. 25, where it is shown 
that the fluorescent cathode spot de¬ 
scribes a stationary figure whenever 
the frequencies of the voltages across 
the two deflection condensers are 
either alike or such that they have a 
ratio of two whole numbers. This is 
brought out in Fig. 37, and especially 
in Figs. 39 and 40, the first two rows Fig ' — Cathode-ray tube for tlm 
of Fig. 40 being particularly useful for callbration of a froquon ^ moter - 
frequency-calibration work. A standard audio frequency/ 0 , taken from 
a source which is stabilized by a relaxation oscillator whose fundamental 
frequency j 0 is an exact integer fraction of the frequency pf 0 of a piezo 
generator, is the reference frequency. How this is done is described in 
connection with Fig. 160. The measurement for the circuit of Fig. 162 
is then as follows: 

1 Proc, J,R.E., 18 , 513, 1930. 


Sinusoidal current 
of audible freq. f Q 



Generator for 
sme currents of 
frequency f Q to 
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1. The double-pole double-throw switch is connected toward the source of the 
standard audio frequency /©. For simplicity, take /<> » 1 kc/sec. The generator 
of frequency /* is therefore not in the circuit. The condenser C\ corresponding to a 
frequency/i < /« is decreased until a rectangular figure appears on the fluorescent 
screen of the tube. This indicates that the amplitudes of the component deflections 
are in the ratio of the two sides of the rectangle. The coupling (not shown in the 
figure) to the generator producing the smaller amplitude is increased until an approxi¬ 
mately square-shaped area appears. Next, the condenser C% is slowly varied until a 
stationary pattern appears. In this case it is almost a circle (generally an ellipse) 
and gives the condition/i **/o. The frequency meter is then loosely coupled to a 
generator of frequency f\ and the calibration point fi *» 1 kc/sec is obtained. The 
generator ft must have sufficient energy (about 50 watts) so that the reaction from 
the frequency meter does not change the frequency; otherwise the stationary pattern 
begins to spin around as the frequency meter approaches resonance. 

2. The value of C% is still further decreased until the next stationary pattern 
/s »• 2jf 0 « 2 kc/sec is obtained in the same way. It is possible to carry on the work 
up to ft — 26/ji. 

3. For still higher frequencies the double-pole double-throw switch is thrown on a 
generator of frequency range/*. The generator of frequency /»is then dispensed with 
and the generator/i together with the calibration points of the frequency meter used. 
This means the setting /* «® 14 /#, for instance, is used and (7* is changed until the 
stationary parabola figure for the frequency ratio 1:2 appears. The frequency meter 
is then loosely coupled to a generator of frequency/* and the calibration/* 2/1 m 

m 28 kc/see is obtained. The setting for the LIss&jcms figure 1:3 gives the cali¬ 
bration 8/i • 48 kc/sec, etc. Intermediate points are obtained by using another f% 
setting. 

It is also practical to carry this calibration m high as to the twenty-fifth 
harmonic of /t, that is, extend the range up to/a « 25/t ® 25% **025 
ke/aoe. The range can be extended in a similar way by using frequency 
generators ft and % of a still higher range and the calibration points so 
far obtained on the frequency meter. It is also possible to do this by 
choosing the original reference frequency / 0 higher, which can be readily 
done with relaxation oscillations. Since this is a precision measurement, 
the settings of the ft generator, when secured from the calibration points 
already obtained for the frequency meter, should be carefully checked. 
This in readily done by throwing the switch toward the source of fre¬ 
quency /n when the corresponding figure must appear. If this is not the 
casc% €i m slightly changed until the rotation of the figure slows down and 
and finally stop. Generally /* » mfo where ?»-l, 2,8 - * If the 
switch is thrown toward generator / 3 , any stationary figure Is secured 
by varying CV The frequency meter then gives the calibration - 
nfi « m rtf® where n are again integers as 1, 2, 3, 4, etc. The accuracy 
of this method depends therefore upon the reference frequency / 0 and any 
fx*reentage error In /*» exists in the calibration mnfo also, provided the 
frequency meter is very selective and the resonance setting carefully 
made. It is also possible to use such ratios as 2:5 In the Lissajous 
figures in order to obtain more points, but experience has shown that it 
w easier to work with straight ratios such as }{, 1 l £ f }\ f etc. 
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This method can also be used to calibrate a beat oscillator with a 
60-cycle source. It is then easy to find points up to about 3000 cycles/sec 
with the first run calibration. The intermediate patterns can be easily 
eliminated and rough checks of the order of harmonic made by means 
of tuning forks. The calibration above 3000 cycles/sec is obtained 
in the same way as above. 

86. Calibration by Means of Gear-shaped Figures on the Fluorescent 
Screen of a Cathode-ray Tube. —The method shown in Fig. 153 is based 
on the application of a circular revolving field 1 produced by a sinusoidal 
voltage of known frequency an/2 In-. Use is made of the fact that 

th© size of the circular trace of the fluorescent spot is a function of the 

accelerating voltage acting on the anode 
of a hot-cathode-ray tube, the circle 
being larger for smaller anode poten¬ 
tials. Hence, if a sinusoidal voltage 
E%e iu i* is connected in series with the 
direct voltage E, the radius of the cir¬ 
cular trace (dotted circle) will increase 
rythmically to a value R mhX and decrease 
to a value since the anode potential 
fluctuates between {E + E 2 ) and (E — 
Ei). If the frequency/* = co 2 /27r =4/ 1( 
the plate potential is four times (E + 
JS?j) and (E — f? 2 ) during one complete 
circulation of the cathode spot. This 
‘ du0 means the radius of the trace becomes 
four times and R min four times. 
But if /a is not exactly 4/i, the gear¬ 
shaped pattern turns around, which shows to what extent untrue multi- 
harmonic synchronism‘exists. For the ratios fc.f% as %, %, etc., the 
other indicated patterns are obtained which readily show again the fre¬ 
quency ratio if the voltages Ei and E» are practically sinusoidal. 

87. Ordinary Harmonic Method.— This method makes use of the dis¬ 
tortion of a current wave. A higher harmonic of frequency mf is empha¬ 
sized in order to produce directly a deflection on the frequency meter to be 
calibrated. It has the advantage over the beat method that any other 
measurements carried on in a laboratory will not produce undesirable 
beat notes and that careful shielding is unnecessary. Figure 154 shows 
the circuit. A voltage of fundamental frequency f u is impressed. This 
frequency is again somewhere in the audible range so that many calibra¬ 
tion points can be obtained in the desired high-frequency range. The 
source of / 0 is conveniently the output branch of a multivibrator or some 
other relaxation oscillator whose fundamental frequency / 0 is an integral 
1 Kipping, N. V., Elec. Communication, 3, 78, 1924. 
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fraction of a constant-frequency source such as a piezo oscillator. A 
magnetostriction oscillator can also be used, but the accuracy is not so 
high as when a properly designed piezo oscillator with a thermostatic 
control is used. The same holds also when a tuning-fork drive is used 
for the production of / 0 , in which case it is necessary to use a synchronous 
clock to check the accuracy of / 0 . The audio frequency affects at first 
a contact-rectifier circuit so as to produce decided distortion. The 
output of this circuit is amplified (a shield-grid tube can also be used to 
avoid back action) and then impressed upon another stage of amplifica¬ 
tion with a large negative grid bias E c to make the current variations in 
the plate current I v rich in harmonics. The condenser C is then varied 
until CL is the oscillation constant corresponding to the fundamental 
frequency/o and the loosely coupled frequency meter tuned until a maxi¬ 
mum reading is obtained. This gives the calibration point for / = / 0 . 



£ ■ .... — J 

Fig. 154. — Calibration of a Fig. 155.—Double-frequency multiplication method. 


frequency meter by means of the 
harmonic method. 

The oscillation constant CL is then chosen of such a magnitude that it 
corresponds to any higher harmonic, that is, muL = 1 /(mo>C). It is 
then possible to go up to the two hundredth harmonic for which m = 200 
and / ■> 200/p. The drawback of such a high order of harmonic is that 
successive calibration points come very close together. To avoid this, 
the double-frequency multiplication in Fig. 155 is employed. The 
circuits with condensers Ci and C 2 are then tuned to a suitable harmonic 
of the mfold frequency (mf 0 ). By means of two other stages of distorted 
amplification, suitable harmonics of m/ 0 are tuned out, giving the fre¬ 
quencies mp/o where p again is 1, 2, 3, etc., and the frequency mpf 0 is 
used for the calibration of the frequency meter. 

Example: /„ - 1 kc/sec. Ci and C 2 are changed until the corresponding circuits 
are tuned to 20/. Choosing p = 1, that is, also tuning the final output branch to 20/o, 
gives the calibration point / = 20 kc/sec. The final output branch is tuned by means 
of C> to the second harmonic, that is, for p = 2 to 40 /o, giving the calibration of 40 
kc/sec. For p => 100, the calibration is already in tliemegacycle range which gives 
the setting / « 2 Mo. /sec. 
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88. Calibratioti with a Piezo Oscillator. —The method indicated in 
Fig, 156 can be used with one fundamental crystal frequency or with 
several fundamental crystal frequencies which give more intermediate 
points. When no thermostatic control 'and no special crystal holder is 
used, the method gives calibrations better than one-tenth of 1 per cent 
if the piezo-electric reference frequencies have been obtained .with one 
of the precision methods. The switch S is used to connect the piezo¬ 
electric element across either the grid and the filament or the grid and 
the plate, depending upon which connection starts the crystal oscillation 

more easily. If a disk piezo-electric quartz 
i P^te with a Curie cut is used and the thick- 

ness along the piezo-electric axis is a in milli- 
meters, and the diameter d in millimeters, the 
fundamental frequencies in kilocycles per sec¬ 
ond can be approximately computed from/i = 
2870/a;/ a = 2715/d; and / 8 = 3830/d. Any 
one of the three frequencies /i, / 2 , or / 3 with 
Fig. 156.' Calibration of a harmonics up to the twentieth can be used to 
frequency meter with a Piezo btain calibration points if the local oscillator 
OBcmator. Cl . 

is used to obtain zero-beat notes, bmce 
harmonics of the local generator are being dealt with here also, the case of 
Eq. (15) exists and it is also possible to obtain calibration points such as 
//2, // 3 , // 4 , etc. From a practical standpoint this can be carried down 
to about//1G without amplification. Very many calibration points are, 
therefore, obtainable as indicated in Table IV where a rectangular quartz 
plate 31.855 X 25.155 X 3.12 mm, with a thickness 3.12 mm, along the 
piezo-electric axis was used instead of a disk. The- process of measure¬ 
ment is as follows: 



1. The frequency meter is calibrated approximately by means of the local gener¬ 
ator (uso circuit of Fig. 20) by the grid-dip method. 

2. All throe circuits are loosely coupled to each other as in Kg. 166. 

3. One of throe fundamental piezo-electric oscillations (fj, /a, and /», respectively,) 
is started. When the oscillations fall in, the current /i sinks td a smaller value. To 
start tho oscillation with tho crystal between the grid and the filament, the condenser 
is turned from a smaller setting toward increasing capacitance values. After the 
oscillations sot in, a further increase of the C setting will decrease the reading of h 
still more until at current resonance of the CL branch the oscillations break off and 
can no longer be obtained for larger C settings. For the crystal connected across the 
plate and the grid, the crystal oscillation is pulled in by decreasing the C settings from 
its maximum value toward current resonance. In each case it must be noted that it 
is not of advantage to increase the output power of the crystal oscillator'by changing 
C for a setting too close to current resonance. This is for two reasons. If current 
resonance is almost secured, the wave form of the output current is less distorted, 
which is rmdesirable in a harmonic method. It is then also easier to interrupt the 
piezo oscillation while absorbing energy from the circuit. The main disadvantage, 
however, is that, for the tant circuit almost in resonance, the plate branch reacts 
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strongly on the input branch and somewhat affects the frequency of the circuit, while, 
for settings suggested above, the plate circuit has not much effect, especially when 
the setting is at a point of the dial for which the crystal was calibrated. 


Table IV 


kc/sec 

ke/sec 

kc/sec 

7.992 

= A/10 

239.775 = 

= 3/, 

1,438.65 

= I 8 / 1 . 

8.880 

“A/9 

308.18 = 

= A/3 

1,475.74 

= 14/2 

9.991 

“A /8 

316.23 

= 3/2 

1,518.575 

= 19/i 

10.541 

= /./10 

319.7 

= 4A 

1,581.15 

- 15/2 

11.418 

“A/7 

399.625 

= 5A 

1,598.5 

= 20 /i 

11.712 

“ /a/9 

421.64 

= 4/2 

1,686.56 

= 16/2 

13.176 

= /s/8 

462.27 

“A/2 

1,791.97 

= 17/2 

13.321 

= /i /6 

479.55 

- 6/1 

1,849.08 

= 2/ 3 

15.058 

-A/7 

527.05 

= 5/2 

1,897.38 

= 18 A 

15.985 

“A/5 

559.475 

= 7/1 

2,002.79 

= 19/2 

17.568 

“ /s/6 

632.46 

-6/2 

2,108.2 

= 20/2 

19.981 

“A/ 4 

639.4 

= 8/! 

2,773.62 

= 3/3 

21.082 

-/./5 ! 

719.325 

= 9/! 

3,698.16 

= 4/ 3 

26.352 

= fi! 4 

737.87 

= 7A 

4,622.7 

= 5/ 3 

26.642 

“A/3 

799.25 

= l0/l 

5,547.24 

= 6/3 

35.137 

“A/3 

843.28 

= 8/2 

6,471.78 

= 7/3 

39.962 

-A/2 

879.175 

- H/l 

7,396.32 

= 8/ 3 

52.705 

“ A/2 

924.54 

~ f 3 

8,320.86 

- 9/a 

79.926 

= A 

948.69 

=-9/2 

9,245.4 

= IO/3 

92.454 

= A/io 

959.1 

= 12/x 

10,169.94 

= ll/s 

102.727 

“A/9 

1,039.025 

= 13/i 

11,094.48 

= 12/8 

105.41 

“A 

1,054.1 

= io/ 2 

12,019.02 

= 13/* 

115.567 

“A/8 

1,118.95 

- 14/x 

12,943.56 

= 14/s 

132.077 

“ A/7 

1,159.51 

= II/2 

13,868.1 

= 15/ 3 

*154,09 

= A/6 

1,198.875 

= 15/i 

14,792.64 

= 16/, 

159.85 

“2/t 

1,264.92 

- 12/2 

15,717.18 

= 17/3 

184.908 

= A/5 

1,278.8 

- I 6/1 

16,641.72 

= I8/3 

210.82 

— 2A 

1,358.725 

= 17/t 

17,566.26 

= 19/3 

231.135 

-A/4 

1,370.33 

= 13/2 

18,490.8 

= 20/3 


4. The frequency of the local generator is at first adjusted to the fundamental 
frequency of the quartz oscillator which is noted by the zero-beat note in the telephone 
receiver in the piezo oscillator. The frequency meter is then tuned and the dip noted 
in the h reading gives the condition for the calibration point of frequency / which is 
one of the frequencies A, A, and / a of the piezo-electric element. 

5. The C% setting of the local oscillator is decreased until zero-beat condition ior 
the second harmonic is obtained, which gives the calibration point 2/. This is carried 
on until the calibration point 20/ is obtained. 

6. In a similar way the calibration points//2, //3 down to //10 are obtained by 
choosing the frequency settings of the local oscillator correspondingly lower than / of 
the piezo oscillator. For these readings the telephone receiver of the local generator 
is used, since the weaker harmonics are produced in this circuit and the method then 
"becomes more sensitive. 
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89. Calibration of a Piezo Oscillator —If the accuracy of a good fre¬ 
quency meter is sufficient, the method just described can be used with the 
exception that now the readings of the frequency meter are known and 
the fundamental frequency or several qf the fundamental frequencies of the 
piezo-electric element are to be found. Several harmonics are used in 
the calibration to increase the accuracy. 

Example .—For the fundamental and several other harmonics, the readings 79.875, 
159.9, 479.3, 560.03, and 639.4 kc/sec are obtained. For frequency calibrations of 
harmonic submultiples, 159.9/2 = 79.95; 479.3/6 = 79.88; 560.03/7 — 80.0; 639.4/8 = 
79.S2 kc/sec; and for the average values of all equivalent and real fundamental fre¬ 
quencies fi = 79.925 kc/sec. For the other fundamental frequencies (along the Y- 
axis and coupling frequency), 


f 2 

2/a 

3/a 

4/s 


Measured Frequency 
- 105.43^ 

" 310 2 r 2 " 105.41 kc/sec, average 
« 421.3 ) 


Measured Frequency 


ft - 924.2' 
2/s - 1850. 
3/a = 2777 
4/ 8 ft 3698.0 
h 
2 


«- 461.5 


% 

f 


924.54 kc/sec, average 


It is necessary to use one of the harmonic methods controlled by a preci¬ 
sion piezo crystal for the precision calibration of another crystal. The 
methods described in the next section are very convenient for this, since 
relaxation oscillations are used for stepping down the fundamental fre¬ 
quency of the standard crystal to a suitable audio-frequency value f/p 
in order to obtain many more points in the high-frequency range by this 
new reference frequency. In addition, this reference frequency can be 
readily checked by an oscillogram with the marks of a half-second pendu¬ 
lum used in the Sound Laboratory of the Bureau of Standards. This 
pendulum (Geodetic Survey pendulum) swings in a vacuum and the 
swings are marked by means of a photoelectric cell acting on an amplifier, 
the output of which produces the timing marks. A synchronous 
clock, such as, for instance, the “syncro clock” of the General Radio Com¬ 
pany, can be used for the same purpose. When run over very long periods, 
this can be checked against the time signals when a chronograph is avail¬ 
able. However, if a well-designed piezo standard with a thermostatic 
control is available, it is necessary only to step down this frequency f, 
as mentioned above, to some value f/p where p - 2,3, 4,5, etc., and use a 

771 

suitable high-frequency harmonic —f to produce an audible beat note of 

frequency ft, with the frequency f x of the test crystal which is to be cali¬ 
brated. The unknown frequency is then computed from 


/- = ff ± f» 


( 22 ) 
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The beat tone can be measured with a sonometer if amplified or with a 
syncro clock. A sonometer is indicated in Fig. 157. The audio current 
whose frequency is to be measured passes through the armature of an 
ordinary telephone receiver which sets a section of suitable length l of 
piano wire into resonance vibration. This apparatus is usually calibrated 
by means of tuning forks or a beat oscillator, giving an accuracy of about 
2 per cent which is sufficient for the above work, inasmuch as such an error 
in the beat frequency f b for many purposes is a negligibly small part of 
the high frequency f x . If a calibrated beat-frequency oscillator (Fig. 147) 
is available, the method is even quicker. The beat frequency is varied 
until it produces zero beat with the beat frequency f b obtained in the 
piezo oscillator. 



Fig. 157.*—Sonometer, a vibrating-string frequency metor for audible currents (m is mass of 
wire per centimeter length and G is weight in grams). 

Example.-~~S\i'p'pos© a standard crystal frequency / = 100 kc/sec is stepped down 
by means of relaxation oscillations to a fundamental frequency f/p = 10 kc/sec, and 
this frequency again to 1 kc/sec, in order to check it against time signals by means 
of a syncro clock working with a chronograph. If for the ninety-fifth harmonic of 
frequency f/p, a beat note of fb = 85 cycles/sec is observed, the frequency of the test 
crystal is (950 ± 0.085) kc/sec. The plus sign holds when the frequency of the test 
crystal is higher than that of the ninety-fifth harmonic and f/p and the negative sign 
when it is lower, which can be found by means of the generator frequency meter of 
Fig. 20 which is first set against the piezo oscillator to be calibrated and then against 
the branch with the ninety-fifth harmonic. If a smaller capacitance setting (higher 
frequency value) is requited for the latter zero-beat adjustment, the 0.085 must 
b© subtracted. If the frequency as read off on the beat oscillator is not accurate 
enough, as, for instance, in the case of calibrations in the lower-frequency range, 
the beat note of frequency fb is amplified and the frequency measured by a timing 
wave on an oscillogram. 

This method, although slower, has the advantage over the synchronous 
motor that it gives the ft calibration in practically a moment and does not 
depend on any frequency variations which may take place during the 
long run of a synchronous motor. But if care is taken, these variations 
are not likely to happen for proper relaxation oscillations and a good 
standard crystal of frequency f. 

90. Precision Calibration of Frequency by Means of Piezo Crystals.— 
If well-designed piezo oscillators are used, it is possible to obtain a 
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frequency standard with a precision of about one part in a hundred million. 
For instance, such an accuracy is obtained by means of 100 kc/sec 
oscillations obtained from three piezo-electric quartz elements 1 which are 
automatically interchecked. A clock-controlled current maintained at a 
fraction of the crystal frequency is used to make daily checks against time 
signals, and specially shaped piezo-electric elements are employed with a 
temperature coefficient as low as 0.0001 per cent per degree centigrade. 
Other methods 2 (which use only one piezo-electric crystal and only one of 
the fundamental oscillations) are also based on a standard frequency / 
taken from a high-precision piezo oscillator. Either multivibrators are 
used for stepping down the frequency / to a new reference frequency 
f/Pj the harmonics of which are used in the calibration, or in the other 
method an auxiliary source is adjusted within a measurable beat note to 
the frequency of the piezo oscillator whose frequency is to be determined. 
This auxiliary source is obtained by using the harmonics of a generator of 
fundamental frequency f/p which is kept accurately set in terms of the 
much higher frequency/ of the standard piezo oscillator. No relaxation 
oscillations are used if a visual beat indicator is employed to note the 
subharmonic synchronization. However, this method is more involved 
and care must be taken that the generator of frequency f/p does not slip 
out of step. 

When station frequencies in the broadcast range are to be checked, 
the circuit of Fig. 158 can be used. A Curie cut quartz disk with its 
thickness frequency is used. The two metal electrodes of the crystal 
holder are separated by means of a pyrex ring. Its diameter is so chosen 
as to fit the quartz disk to within 0.01 in. 3 The pyrex ring is made thicker 
than the quartz disk so as to leaye a small air gap of about one-quarter 


1 Mabbisokt, W. A., Proc. I.R.&, 17, 1103, 1929, or Bell System Tech. 8, 493 
1929. Precision crystals of the Marrison type make use of the fact that quartz 
plates cut in the plane of the optic aqd electric axes (F cuts) have normally positive 
temperature coefficients, while plates cut in the plane of the optical axis but perpen¬ 
dicular to one of the piezo-electric axes (Curie or X cuts) show negative temperature 
coefficients. The ideal cut would be that for which, for normal room-tenaperature 
changes, the temperature coefficient is so small as to have no appreciable effect on 
the frequency. Since the temperature coefficient does also vary in the same plane 
with the shape and size of the cut, the relative dimensions of the crystal also play a 
part. Thus a certain doughnut-shaped crystal cut from F-cut plate may have a tem¬ 
perature coefficient as low as +0.0004, while another ring-shaped crystal element has a 
value of +0.0037. For this reason and on account of the easier way of mounting the 
piezo-electnc element, ring-shaped crystals of certain relative dimensions may be 
used to great advantage. 


2 K -> f- °V tical s °c- Am., 16 , 26, 1927; L. M. Hull and J. K. Clapp, 

Yloa T tIt E '’J 7 ’ 25 £’ 192 , 9 L H - L ' Bogardt;s and C - T - Manning, Proc., I.R.E., 1225, 
1929; E. L. Hall, Proc. I.R.E., 18, 490, 1930. 

3 Similar to the design of a portable piezo oscillator described by W. H. Brattain 

and V. E. Heaton, Bur. Standards J. Research, 4 , 345, 1930. ’ 
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of the wave length of the supersbnic waves produced by the plate. Since 
the temperature coefficient of a Curie cut disk is of the order of (1 to 3) 10“ 3 
per cent per degree centigrade, a thermostatic control is required. An 
improved thermostatic control, such as developed by W. A. Marrison 1 
and also used in a portable piezo oscillator designed by the Bureau of 



Fig. 158,—Precision calibration system for checking up station frequencies. 

Standards, should be used for such precision work. Thermostatic- 
controlled chambers are commercially available today. A temperature 
regulation of this type has two operating functions. For one, a thermo¬ 
stat holds the operating temperature to within very narrow limits. The 
other operation consists in a heating system of such a nature that the 
thermostat will trip of the order of once a minute, while a thermal attenua¬ 
tion will reduce the effect of the amplitude of the thermostat operation. 
The Bureau of Standards design consists essentially of a heat-insulated 
box with walls of J^-in. pine and 3^-in. balsam wood. A hollow copper 
cylinder ^ in. thick is located inside the box and 
mounted on heavy bronze coil springs to take care of 
any mechanical vibrations. The outside of the cyl¬ 
inder is covered with a thin layer of asbestos for insu¬ 
lation. A heating ware of nichrome is wound on it, 
the turns toward the ends being closer than for the 
inside section of the cylinder in order to deliver the heat losses at the 
ends of the cylinder. A mercury thermostat is used and placed in a 
groove in the copper cylinder directly under the heating wire so as to be 
in close thermal contact ^ith it. A deep hole is drilled into the wall of 
the copper cylinder (parallel to the axis) in order to have a place 
for thermometer observations. The inside of the cylinder is lined with 
%-in. asbestos. The inside space along the cylinder axis consists of three 
compartments separated by asbestos disks. The middle compartment 
contains the piezo crystal and the other compartments decrease the end 
effects. Figure 159 shows the design of the temperature control. When 
the mercury thermostat closes, & current I *= 8 X 10~~ 3 amp flows and 
iProc./.ft.#., 16, 976, 1928. 



Fig, 


Heater Rddy 

159.—Tempera¬ 
ture-control unit. 
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opens the heater circuit. Hence, the voltage across the thermostat is 
small when, its contacts are open and the thermostat can readily make and 
break the entire heating current. The frequency of the thermostatic 
operation is therefore increased and makes the temperature within the 
cylinder independent of ‘any large variations in the outside temperature. 
By means of the variable 750 G resistor, the length of the epoch during 
which the heating current is on can be set approximately equal to the 
length of the period during which the heater is not in use. 

As far as other details of the arrangement of Fig. 158 are concerned, it 
will be noted that the crystal oscillator is a separate unit. The output 
circuit can be tuned if necessary, since a shield-grid tube of the 222 type 
or its equivalent is used and no appreciable reaction can take place on the 
actual piezo oscillator using a 201 type tube or its equivalent. The 
loading coil L is either a uniyersal wound or a honeycomb coil with a 
distributed capacitance with its gravest natural frequency above that of 
the piezo-electric disk. The piezo-electric oscillations will then have a 
small and fixed amplitude. The (10 + 5) 0 resistances in the respective 
filament leads of the second tube give the proper filament drop if the 
5-volt terminals of the 201 tube are used as supply and the 10Q portion 
provides the C bias. H.F.C. are high-frequency chokes with their size 
depending on the frequency of the crystal. 

The frequency f of the crystal is conveniently chosen as an integer 
multiple of 10 kc/sec. It is then easy, by either single or twofold har¬ 
monic division, to obtain an audio frequency of 10 kc/sec and 1 kc/sec 
and operate a synchronous motor whose integral revolutions during a 
day’s run can bo checked against time signals. It is also possible, by 
means of contact points or the like, to obtain 1-sec marks. Another fea¬ 
ture of the 10-kc factor in the standard crystal frequency / is that the 
assigned broad decimal frequencies of 96 channels in the 550- to 
1500-kc/sec band can be directly checked. Harmonic division with 
relaxation oscillators or, by checking subharmonic synchronism of a 
piezo oscillator with respect to the fundamental frequency of a low- 
frequency generator, can be carried out to about one-fortieth of the piezo 
frequency /. For practical reasons }t does not seem wise to work with 
subharmonies which are much more than about one-tenth of the fre¬ 
quency f. It is best to use another stage of harmonic division if larger 
fractions are required. A value of / = 50 kc/sec is then very suitable, 
since a harmonic division of 5 which is readily accomplished gives the 
desired audio frequency of 10 kc/sec, and another tenfold division the 
l-kc/sec current which may operate a synchronous clock. It is not diffi¬ 
cult to obtain and grind a crystal for a frequency of 50 kc/sec, as can be 
seen in the design formulas of Sec. 210. Therefore, by using / =» 50 
kc/sec, the multivibrator condensers are varied together until a funda¬ 
mental frequency f/p = 10 kc/sec is obtained. (For details of the multi-' 
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vibrator, see Sec. 15.) The fifth harmonic of the multivibrator is then 
controlled by the frequency / of the piezo crystal (Fig. 158), thus-main¬ 
taining the fundamental of the multivibrator at exactly 10 kc/sec. As 
brought out in Sec. 15, this can easily be done, since the inherently 
unstable multivibrator is readily controlled by a voltage whose frequency 
is either equal to or an integer multiple of the fundamental freqiency of 
the multivibrator which is rich in powerful harmonics. It is an easy mat¬ 
ter to indicate the effect up to the two hundredth harmonic of the funda¬ 
mental multivibrator frequency. An unsymmetrical multivibrator with 
plate resistors R > r and grid leaks R f and r' should be used, since, accord¬ 
ing to experimental investigations by L. M. Hull and J. K. Clapp, 1 
the odd ratio of control occurs just as readily as the even ratio of control, 
while with the symmetrical multivibrator there is a strong tendency to 
control the even ratios better. The resistances in one tube' are then 
chosen twenty to fifty times as great as in the other tube, in order to pro¬ 
vide unsymmetry. Thus, in some cases R = 500,000 Q and r =?= 20,000 SI, 
while the corresponding grid leaks R' and r' can be chosen equal, 0.5 
megohm, for instance. By doing this, the tube with the lower plate 
resistance r shows a comparatively large variable plate current /, as 
indicated in Fig. 158, which has about the same form as the relatively 
small plate current i through the other tube. For one tube, the operating 
point will then sweep over the entire characteristic from saturation to 
cut-off, while the other tube works essentially as a customary resistance- 
capacitance coupled amplifier. The indirect subharmonic synchroniza¬ 
tion then becomes unusually stable. The synchronizing voltage of the 
crystal frequency / induced across L% must have a certain value to bring 
about controlled relaxation oscillations. The proper condition is recog¬ 
nized when the two condensers C whose shafts work on a common drive 
can be varied over a considerable range of the C setting without changing 
the same fundamental frequency f/p in the small output coil of the multi¬ 
vibrator, if from a certain C setting on the next integer harmonic sub¬ 
multiple begins and holds for quite a range of C settings. If the 
multivibrator is varied in the audio-frequency range, a continuous varia¬ 
tion in the C setting would produce successive octaves in the telephone 
receiver inserted in the output branch. However, if the induced voltage 
due to the crystal oscillation is not sufficient, a continuous variation of 
C gradually changes the pitch of the sound heard. 

The measurement of the frequency of a remote broadcast station is 
then as follows: The remote station is tuned in- and the output coil L z 
of the high-frequency amplifier is coupled loosely to the output coil L 2 
of the multivibrator and to the output coil of the heterodyne generator 
(shown in Fig. 20). The harmonic currents of the multivibrator can 
have only frequencies which are integer multiples of 10 kc. Hence, when 

1 hoc. rit 



204 


IilOH-FEBQ VEMCY MEABU REMEN TS 


the heterodyne frequency is set to the assigned frequency of the station 
(say 300 kc/sec), no beat note should be heard in the telephone receiver of 
the heterodyne (local generator), if the station is sending with the correct 
frequency. If this is not the case, the frequency is off by the same 
number of cycles per second as that of the beat actually heard. 

WhSh a piezo oscillator to be used for the particular broadcast station 
is to be adjusted to the exact frequency instead of the frequency of the 
received current, this oscillator is coupled in place of coil L s and the air 
gap of the piezo holder is adjusted until zero-beat note is heard. 

As far as the coupling to the multivibrator is concerned, the standard 
piezo oscillator can be coupled either through a shield-grid amplifier as in 
Fig. 158 or through a shield-grid input stag© as in Fig. 160. The coupling 
resistances R% and tt%, respectively, act then on the first and second multi¬ 
vibrators which produce fundamentals of 10 and 1 kc/sec, respectively. 



Fit}. 180.—Standard frequency Nyatam (Si *» IO.UOOU; lit «• 10,000ft; lit «* 5 fo 10 
megohm*; lit - 10ft; Rt - 6U; lit - 0.2 m«g.j Mr - 23,0000; «» » 10,000ft. and Mg - 
0.5 megohm; ftio ■» 0.4 meg.). 

Instead of the shield-grid tubes, ordinary three-element tubes with neu¬ 
tralization can be used. The synchronous clock is used to note the 
accuracy of the standard crystal frequency of 50 kc/see by means of n 
chronograph and the daily time signals. Also in this circuit, the plate 
load of the standard piezo oscillator of a loading inductance L (honeycomb 
or universal-wound coil) must have such a distributed capacitance that 
the coil acts as an inductive reactance for a 50-ke current passing through 
it and such that its amplitude is not no large as to react back on the crystal 
frequency. A synchronous clock is commercially available (General 
Radio Company). It, can be used for checking the frequency by taking 
a long run and computing from the dial reading the number of revolutions 
made during the long run. It tops correct time when driven by n 1-kc 
current. A microdial on the clock, used to record time intervals recorded 
by the clock, may be compared with time intervals of some other system. 
It is then possible to use the daily time signals to check the correctness 
of the 50-kc piezo standard. This clock has a i00-tooth rotor anil is 
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excited by two U-shaped electromagnets which carry the amplified 1-kc 
current. On a properly biased current the rotor will make 10 r.p.s. 
for a 1-kc feed. The biasing direct current is about 40 to 50 ma. By 
means of gearing, the clock indicates true solar time for an impulse feed 
with a fundamental frequency of exactly 1 kc/sec. This clock can also 
be used at some other frequencies of the lower frequency range. With 
this particular number of teeth it can be readily used for frequency deter¬ 
minations from about 250 to 1800 cycles/sec. The entire audio-frequency 
range can be calibrated with it when a stroboscopic method (see next 
section) is used. 

91. Notes on Low-frequency Measurements.—The method just 
described, using a synchronous motor with an appropriate number of 
rotor teeth, can be used for the audio-frequency range from 100 to 5000 
cycles/sec. For testing still higher frequencies the harmonic division 
can be used to express a higher audio frequency by means of one-half 
or one-third of its number of cycles per second. The dial indicates for a 
certain number of rotor teeth the number of revolutions made during a 
certain run and, by noting the time of the test run, the frequency can 
be computed. The longer the test run, the more accurate is the deter¬ 
mination of frequency and a synchro clock for a 24-hr run will give an 
accuracy better than one part in one hundred thousand if the second hand 
reading is used. This precision is further increased when use is made of a 
microdial attachment to check the clock against the daily time within 
0.01 sec. This leads to a precision of one part in 10 7 . However, this 
precision has only a meaning when no variations take place in the test 
frequency with an average value which is either positive or negative. 
Of course, this is the drawback of any long-run method of this type. To 
check partially such a condition, a clock can be used which also gives 
second marks which are checked on a revolving drum against second 
marks of a precision chronometer. In order to prevent a cumbersome 
count, 10-sec or even 100-sec marks can be used for the check. 

Stroboscopic methods can also be employed for the determination of 
frequency. The principle is based on the fact that a revolving wheel 
with spokes appears to stand still if it is successively illuminated at 
instants when all spokes are in the same position in space, that is, if one 
spoke has just moved into a position of the next spoke or some other spoke 
during the intervals of no illumination. The same also happens when 
glow-discharge spokes are used and successive glow discharges take place. 
When the angular speed of the spokes is increased, a certain number of 
revolutions will be found for which the discharge tubes acting as spokes 
stand still. The simplest stroboscopic apparatus consists of a black disk 
with a single white radius drawn on it. If the wave-group frequency of 
an oscillating spark discharge is to be found, the black disk is exposed 
to ( he flushes of the spark gap and the speed of the disk is increased 
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until the white radius appears stationary. The revolutions per second of 
the disk are then equal to the wave-group frequency per second. If 10 
equally spaced white radii are used, only one-tenth of the revolutions per 
second are required to produce a stationary pattern of I he radii. Hence, 
if as in Fig. 161 a single neon tube is used on tin* disk with the two slip 
rings, and the disk is gradually speeded up, stationary patterns of the 
tube as indicated may appear. The discharge-group frequency is t lien 
equal to the apparent number of glow-discharge tubes as seen on the disk 
times the revolutions per second of the disk. It is also possible to see 
whether single or multiple spark discharges take place. The st rol><.set .pie 

method is therefore useful in many ways. 
The lower representation of the figure 
shows whether n Poulsen arc, oscillator 
actually produces sustained oscillations or 
arc oscillations of the third tyjs*, consist¬ 
ing of discrete damped wave trains which 
usually occur with a group frequency in the 
audible range. It is difficult in this way 
to measure the speed accurately; but if a 
synchronous motor Is used as above, this 
objection of the stroboscopic method is 
overcome. Thus, the commercial synchro 
clock descrllted above' uses a small glow- 
discharge tube mounted Mow the edge 
of the rotor teeth. It is ignited from the alternating voltage across 
the input circuit. At synchronism, the stroljosmpic effect causes 
the rotor teeth to appear stationary. The method then consists of flash¬ 
ing a small neon lamp in front of the revolving rotor in such a way that 
the audio frequency to be measured acts through an amplifier (if neces¬ 
sary) to supply the proper ignition voltage only during a very small 
portion of a half cycle. The neon lamp for this purpose again uses a 
proper bias. If, therefore, a synchronous motor rotating at Iff r.p.s. is 
available and it is necessary to adjust a beat oscillator to Is* calibrated 
to 600 cycles/seo, a disk with 60 radii (spokes, teeth, etc.) is required 
and the frequency of the beat oscillator is adjusted until the 60 radii 
appear stationary. But if the frequency of the oscillator differ* from 

N ifn) by 1 cycles/sec, the pm radii will appear to revolve at a rate of 

1 radius/sec where N denotes the numlier of revolutions per second, lids 
is true because a disk of p radii illuminated with a glow lamp igniting 
mp times during each revolution looks like a disk having mp radii (where 


r !l-| 



Pure 

spark 


Daub/® 

discharge dt 


2 »4 spokes 

Group frequency *> (number oftpek^RP, 


Pu re arc 

’© 

Continuous !•$ 
oscittatms Successive art 
dixbrgm 

Ficj. 161 .—Stroboscopic methods 
using glow-discharge tubes. 


1 Soc also paper by L. B. Arguimhitu, Om. Radio Bxperimm hr, No. ft, $,p Novem¬ 

ber, 1930; Harold H. Wilkins, Gen. Radio Experimenter, No. if, 8, p it, timber. 1930. 
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m = 1, 2, 3, etc.) and if the lamp ignites p/n times for each revolution 
(n = 1, 2, 3, etc.), the disk appears to have p spokes. Since for modern 
frequency standardization a decimal-frequency standard, giving by 
harmonic division 1 kc/sec, is conveniently used, it can also be employed 
for low-frequency standardization by using as in the General Radio 
stroboscopic frequency meter disks as shown in Fig. 162. They are 
8-in. disks working on a 1-kc synchronous motor. The pattern of the 



Fia. 162.'—Disks of a General Radio stroboscopic frequency meter, (a) For audio fre¬ 
quencies; ( h ) for commercial frequencies. 


left disk covers the entire audio-frequency range up tp 10 kc/sec. Since 
this particular synchronous motor makes 10 r.p.s., 10-, 20-, 30-, . . . 
80-, 90-, and 100-cycle calibrations can be obtained by direct comparison. 
Such direct comparisons are also possible for every 100 cycles/sec up 
to 1 kc/sec and then every M kc/sec up to 5 kc/sec with the exception 
of the 1.5-kc/sec setting." It is also possible to see stationary patterns 
for every 5 cycles/sec up to 50 cycles/sec, and every 20 cycles/sec from 

100 to 200 cycles/sec, as well as the 2-, 4-, - 

6 -, 8-, and 10-kc patterns. The disk pat- -@ rj. 

tern to the right covers most of the power- ° |e 

frequency range. ' — /gk . JJwF 

The automatic beat-counter method of _ 

W. A. Marrison 1 can be employed for the Fiq _ ie3.— siow-beat indicator, 
accurate determination of small beat fre- 

q ucncies (a few cycles). It consists of a balanced modulator and, as m r ig. 
163, a balanced relay is used in the plate circuits. If A/ denotes the small 
difference frequency between the fundamentals of two piezo crysta s 
which are adjusted to almost the same frequency, the balanced relay 
will make one contact for each cycle difference. The contact operates a 


1 Loc. c&L 
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counter as used in adding machines and, by noting the time intervals 
during which the counts are taken, the degree of synchronism between 
two high frequencies/and (/ + A/) can be meas¬ 
ured with great precision. 

Bridge methods can be used for measuring 
audio frequencies in work for which a high pre¬ 
cision is not required. The resonance bridge 
of Fig. 164 can be used as has been done by 
several investigators. 1 The frequency measure- 

bridge as frequency indica- ment depends on adjusting C, L, or both, until 
tor (d denotes the deflection the indicator passes through a minimum (coL = 
of l/(a>C)), and then adjusting Ri:R 2 = (i2 + r): 

Rz for absolute zero when the impressed voltage of the unknown fre¬ 
quency is sinusoidal, otherwise the frequency (cycles per second) will 
occur for a minimum and is measured just the same by 

/r = w^ (23) 

with C in farads and L in henries. The sharpness of resonance of the 
resonance bridge is 


S B = S 


Rs + R + r 


(24) 


if S denotes the sharpness of resonance of the 0, L, Rz branch, R z being 
practically the effective resistance of the variometer L. It is also assumed 
that the voltage of the frequency f r to be measured and impressed across 
the bridge is constant. If R x = R 2 , one has S B = S/2. If E denotes 
the constant effective value of an impressed sinusoidal voltage of fre¬ 
quency / and e the effective value across bridge points A B when the 
output transformer is removed, for the resonance frequency f r of the CL 
arm one has the relation 


P 


e iiB+r 
e[ 1 + R 1 


jS B 

f__fr 
Jr f . 


1 + j$B 

7 . 

fr 

fr' 

fj 


(26) 


Equations (24) and (25) can be used to find the sharpness S B of resonance 
by means of tube voltmeters. The operation of the bridge as a frequency 
meter depends greatly upon the magnitude of the frequency. For the 
range from about 350 to 5000 cycles/sec, a variometer L with a maximum 
reading of about 200 mh is used, and the capacitance C consists of fixed 


1 Grubneisen, E. and E. Giebb, Z. Instrumentenk ., 30, 147, .1910; and 31, 152, 
1911; A. Heydweillbr and H. Hagemeistee, Verh. d. I). Phys. Ges ,, 18, 52, 1910; 
E. Giebb and E. Alberti, Z. tech . Phydk y 6, 192, 1925; H. A. Appel and 
J. T. O’Lb ary, Trans, AJ.E.E. y 46; 504, 1927; G. W. Pierce, Proc . Am, Acad. Arts 
Sai., 63, 23, 1928; S. Jimbo, Proc. I.R.E., 17, 2011, 1929. 
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condensers of 0.04, 0.2, and 1 jd which are used either singly or in parallel. 
The Campbell bridge shown in Fig. 165 can also be used as a frequency 
meter. If E denotes the voltage measured by the tube voltmeter when 
the frequency of current I is /, and E r the voltage measured for the reso¬ 
nance frequency / r , for a constant current flow /, 

Er = rl and S = 

r 

wince for the sharpness 8 of resonance 

E = + ~ f j 2 

a _ V(WE7r~- i 
~ LSI 

fr f 

For low-loss coils and a low-loss condenser this circuit gives very sharp 
resonance settings and the Campbell bridge is then most suitable as an 
audio-frequency meter. 


(26) 


(27) 



Pi«. 155.—Campbell bridge m fr&quoncy 
indicator. 



Fig. 166.—Direct-reading 
audio-frequency bridge. 


Figure 106 shows a direct-reading audio-frequency bridge 1 which 
utilizes Hay’s bridge. s The bridge is balanced when 


RA - [fi + r + juL] 


Rt + 


3SS: 


which for a negligible value of r in comparison with R for the imaginary 
part of the solution gives => R/(CLR%). Inserting this in the real 
part when solving for the frequency, 

/ - kR (28) 

for the constant 

1 


k 




(28 a) 


giving therefore a method where the frequency f is directly proportional 
to the R setting. If maximum sensitivity is to occur at. 1 ke/sec, one must 
make A- - l and L 1/ (2r) henries and C = (l/27r) /if because this choice 

« Hottov, a L, and B. D. F. Batly, Proc. I.R.E., 17, 834, 1929; K. Kueowkawa 
ami T. Hoahhi, J. Inst. Eke. Eng. (Japan), No. 437, p. 1132. 

* Hay, C. E., Inst. P. 0. Engs., November, 1912. 




210 HIGH-FREQUENCY MEASUREMENTS 

will make the phase angle of the reactive arms 45 deg at t kc/sec. I hen* 
is then in Eq. (28a) the product RiR* - 2 X 10» and, in order to make all 
bridge arms equal at 1 kc/sec, one must make Ii\ ■* Rt 11 HHl. 1 he 
bridge covers a range from 50 to 5000 cycles/seo. tor frequencies Itelow 
1 kc/sec, R consists of a four-dial decade box calibrated in hundreds, Sens, 
and units and the variable resistance R% uses a four-dial box variable in 
thousands, hundreds, tens, and units, while below 100 cycles/m*c a fixed 
10,0000 resistance is conveniently connected in series with flu* R s l«»x. 

Figure 167 shows a circuit for determining an unknown frequency 
f x by means of a standard frequency/.. A variable standard resistance R 

(decade box) is connected in series with a coil 
s 1SZ£&r i of effective inductance L and resistance r. 

When the double-pole double-throw switch 
is connected toward the source of the unknown 
frequency, the resistance R is varied until 
the tube voltmeter gives the same reading 
for connection 1 and connection 2. This 
connection is fulfilled for It *• R, * 
\/[2t/^1* + r*. The same is done for a volt¬ 
age of standard frequency /, impressed for which condition U » R t *» 
•\/[2x/”Lp~-j-”rX The unknown frequency is then computed from 



Hence, if the effective coil resistance is small compared to the R values, 
/? 

f x “ Jf,- This method can also be used for high frequencies nod for 

R values in the neighborhood of from 3000 to SOOOQ. A calibration of 
the tube voltmeter is not required, since the equal-deflection method 
is used. The applied voltages should not contain an appreciable har¬ 
monic content and the self-capadtanoe of the L coil should lt»* small 



Fig, 167.—Determination 
of f x in terms of f, and circuit 
settings. 



CHAPTER VI 

DETERMINATION OF CAPACITANCE 

One must distinguish between absolute and relative methods . For 
the latter the unknown capacitance is determined by means of a known 
capacitance, while for the absolute methods the determination is carried 
out by means of other electrical quantities. Thus C can be determined by 
using the resonance relation 2 tt■/ = lf-\/CL if / and L are known. If 
substitution methods are used, many of the absolute methods can be 
converted into relative methods. Since in many cases the high-frequency 
value of capacitance differs somewhat from the static (practically the 
same as measured with low audio frequencies) value, for accurate work a 
capacitance calibration should be carried on for the frequency range for 
which a condenser is used. This is especially true when effective dis¬ 
tributed capacitance along lines and for coils is to be determined as well 
as with condensers whose dielectric is not air. 

Capacitance is defined as the ratio of quantity of electricity to voltage; 
that is, it expresses the ability to hold or store a quantity of electricity 
and, if the charge is expressed in terms of the terminal voltage of the 
condenser, capacitance denotes the factor of proportionality. More¬ 
over, one must distinguish between practical and absolute units . The 
■practical unit is the farad which happens to be a very large quantity, 
and all the more so when dealing with high-frequency phenomena. It is 
therefore customary to use the microfarad Oxf) and in the case of very 
small capacitance values, as met with in interelectrode capacitances in 
vacuum tubes, the micromicrofarad (/x/ff) which bears the interrelation 
1 fxfxi = 10~ 6 yi = 10~ 12 farad (1) 

Jn the absolute electrostatic system the unit of capacitance is the 
centimeter (cm) which is related to the practical system by 

1 = 9 X 10 5 cm (2) 

which shows that the micromicrofarad is approximately equal to the 
absolute centimeter unit of the e.s. system. This relation will assist the 
reader of continental European literature, since the tube capacitance, 
etc,, is usually given in centimeters. An input capacitance of 25 cm is 
then approximately 25 /x^f. There also exists an absolute electromagnetic 
unit for capacitance. Its unit is the reciprocal of an acceleration (sec 2 /cm), 
since for the velocity c.« 3 X 10 10 cm/sec, e.m. cap = e.s. cap/c 2 . There 
is then the relation 

1 juf = 10~ 15 sec 2 /cm 
211 


(3) 
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which occurs very seldom in high-frequency work. It may be of use, 
however, when the CL product along an aerial wire or any other high- 
frequency line is utilized for computing the effective phase velocity along 
the line. 

92. Form ulas for Ordinary Condensers.—Usually condensers are 
built by means of plates, although in some cases the metallic poles maybe 
cylindrical or of some other shape. For a condenser for which two parallel 
metallic areas of S cm 2 each are separated a distance d cm, one has 
approximately 

a * 

C - microfarads (4) 

OOWCL 


if k denotes the dielectric constant. If a condenser consists of N parallel 
plates and such that all odd plates are interconnected and form one pole 
and the remaining even plates lead to the other pole of the condenser, 
the above formula still holds if S is substituted by S(N — 1). If the 
edge effects of a variable condenser with N semicircular plates of external 
radius R (om) and internal radius r (cm) are neglected, the capacitance for 
the maximum setting is 


0.139k- 


1 ][R 2 - r 2 ' 


where for air k = 1. The calibration curve of a variable condenser of 
this type (that is, with semicircular areas with radius vector p = R = 
constant is essentially linear and given by 

C = cl -f- id (6) 

where a and b are constants and 0 the angle of the set of movable plate 
against the setting of the smallest ‘or residual capacitance (C = a). 
These constants are conveniently found by measuring C for two angles 0 
and determining the slope b and intercept a of the line connecting the 
two points Ci, 0i and C 2 , 02 with the 0 = 0 axis. The value of C Q obtained 
is then not exactly equal to the residual capacitance but close enough for 
rough-calibration work. For practical purposes, condenser settings close* 
to zero angle are of no advantage, since any losses of the condenser make 
the phase angle of the condenser most unfavorable for small C settings and 
it is customary to use a condenser only from about 10 deg upward. , If 
the movable plates use a logarithmic spiral as a boundary curve (that 
means, the radius vector p = constant e° , the percentage capacitance 
change is constant. For parabolic spirals (p = constant y/1) the con¬ 
denser across a fixed inductance L can be used to obtain a linear relation 
of the natural wave length of the parallel combination with respect to the 
0 settings of the condenser. The characteristic calibration curve of such 
a condenser is then practically a parabola, that is, expressed by 

C - a + 60 2 


(7) 
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Variabfe condensers can be designed for linear wave length, linear fre¬ 
quency, and the same percentage detuning. The variable capacitance 
of a beat-frequency generator, for which a low- 
frequency setting can be made just as accurate 
as an audio-frequency setting on the upper end 
of the scale, utilizes a logarithmic scale. The 
radius vector. p which determines the boundary 
curve of the variable plates indicated in Fig. 168 
for a linear-frequency scale is given by 

P = y/O + r 0 2 

where 

4 A* 



( 8 ) 


• Clearance fe?r -shaft 

Fig. 168.—Shape of spe¬ 
cial condenser plates (p and 
ro in centimeters). 


G 


B*D\ 


A 


Q 


L 

B 


' a ngle in radians (1 deg « 57.3 radians) 

159.2 

5 

5 fixed inductance across the variable condenser in microhenries 

/max *“ /min 


ft 


a maximum frequency reading in kilocycles per second, when all plates are 
out, that is, for C m in 

/min. «* minimum frequency reading in kilocycles per second, when all plates are 
in, that is, for 

Ctnin and Ctmx are expressed in microfarads 

n 10-w 

t — distance between two plates in centimeters 
N » number of air spaces in condenser 

For the boundary curve of a.variable-air condenser which produces a 
constant percentage detuning when connected in multiple with a fixed 
inductance L, for the radius vector, 

P - 10 . 7 TP (9) 

where 


8 in degrees for 
K « 1.278 X l0-« logio 

Omin 

/' - K.73 X 10~*ro a 

r, - 180P 

u «■ -—- 

v'max ““ vain 

8 mm entire plate area in square centimeters 

Cum x and C m in the maximum and minimum condenser settings which cover the 
desired frequency range 

For the boundary curve of a condenser plate of a beat-frequency generator, 


4 


iABh A °+ D " 
Wi - 


+ r 0 s 


( 10 ) 


P 
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where 


logio V 
A =- UL 

Oi-di 

h the audio-frequency reading for a setting 02 } in kilocycles per second and O m 
fi the audio-frequency reading for a setting 0i) degrees 
It is convenient to take the settings 

0i = 10 deg. and 0 2 = 175 deg. and cover most of the desired audio-frequency 
range with it 


B == 


159.2 

VL 


L — the fixed inductance in microhenries which is connected across the varial de¬ 
air condenser 

B 


D 


logic /min = logio |Vl - j 


C mm = minimum capacitance in microfarads for B = 0 deg. 

fm in = audio frequency in kilocycles per second, when all condenser plates are 
turned out 

F i high frequency in kilocycles per second, of fixed oscillator 


C = 


c v 


C v maximum capacitance in microfarads of variable-air condenser 
S active surface in square centimeters of variable-air condenser when all plates 
are turned in 


93. Determination of the Static and Low-frequency Capacitance of a 
Condenser.—The static capacitance of a condenser is measured with a 

Ballistic galvanometer ballistic galvanometer of Fig. 169. The condenser C, 
Q is at first charged to a voltage E by closing the switch 

* toward 1. It is then discharged by connecting the 
switch to terminal 2, If d denotes the first maximum 
throw on the galvanometer of ballistic constant A-, 

c,w = / c | (in 


?/ 


<7* 


7 


Fig. 169 .—The If d is in millimeters and E in volts, the ballistic con- 
tef method. Van0me " stant is in microcoulombs per millimeter deflect ion. I (. 

is readily found by experiment if a known capacitance 
is used the same way to produce for a voltage E\ the deflect ion d h 
from which measurement 


A direct voltage of 110 volts is sufficient to calibrate ordinary variable 
condensers. If the same voltage E x = E is used as for the test condenser, 

Cx ,r, G d /dl - J , f great preeision is not required, such a measurement 
will hold over the entire high-frequency range for good air condensers 
since the frequency factor is practically unity. For the quick defermi- 
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nation of certain condensers where great precision is not required, audio¬ 
frequency bridges as in Fig. 170 can be used. A 1000-cycle source 
(tuning-fork buzzer or the like) is then conveniently employed. For the 
upper arrangement a balance is obtained by 


means of a variable standard C s and the val¬ 
ues of Ri and R 2 , and the unknown capaci¬ 
tance computed from 

c. = §- 2 C s ■ (13) 

JX i 

which holds for the balance condition of the 
bridge for which the sound in the telephone 
receiver practically disappears. The resist¬ 
ances (Ri + R 2 ) can also be a thin slide 
wire with a traveling contact. By choosing, 
for instance, R 2 /Ri = 100, an unknown 
capacitance can be determined with a stand- 



Audio voiiaqe 


Fig. 170.—Condenser bridge 
for the quick determination of 
capacitance. 


ard air condenser C a whose capacity values are 


a hundred times smaller. It is possible to cover a range from 0.05 to 10 


juf if the ratio R 2 /Ri is properly chosen. The lower bridge of Fig. 170 
employs only condensers in the four bridge arms. The ratio C 3 /C 4 is 
chosen so that the unknown capacitance C x is brought within the range of 


the variable-air condenser C s . This bridge can be made direct reading, if 



Fig. 171.—Capacity bridge. Fig. 172.—Bridge for the measure- 

(General Radio Company.) ments of very small capacitances. 

0 General Radio Company.) 


the dial of the variable standard condenser C s is calibrated for certain 
ratios of C3/C4. As in the case of all bridges of this type, an accuracy of 
only a few per cent is normally obtained. Figure 171 shows a useful 
bridge of the General Radio Company for determining capacitances from 
0.001 to about 10 /if quickly. The unknown capacitance C x can be read 
off by means of the dial settings and the ratio of the arms. The standard 
reference capacitance is a fixed mica condenser (C, = 0.05 /if). The 
variable series resistance R gives a rough calibration of the power factor 
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of C x and can be used to distinguish between low-and high-loss condensers. 
This self-contained capacitance bridge is especially useful when matching 
coupling condensers in amplifiers and for similar work. The portable 
capacitance bridge indicated in Fig. 172 covers the lower capacity 
range either up to 30 wif or up to (UK) jugf, respectively. The first 
range gives a means of measuring quickly the intoroleotrodc capacitances, 
A telephone receiver is again used as a zero-current detector. l*«*r the 
determination of such small capacitances, a substitution method is 
used. The bridge is initially balanced with the standard condenser «*t 
at maximum value by adjusting a parallel vernier condenser. The 
unknown condenser C a is then connected to the terminals (HI and 
the standard condenser readjusted to obtain again a bridge balance. The 
resistance balance is made by means of a double stator condenser con¬ 
nected in parallel with the ratio arms as indicated in the figure. The 
three interelectrode oapacitanoes of vacuum tuhra are delta-connected 
as in Fig. 173. As brought out on page 42, the cijstomnry measurement 
of any one capacitance includes the capacitance of the two others in 



Fig, 173.—Showing that tha thm* infordmttKxl* tub# oa§MM^iaa<MRi mm dflta umumimi* 

series. But a direct measurement of any one in possible it the third ter 
minal of the delta is connected to the common point of the ratio tmm, 
since then one of the two undesirable capacitance* is connected ticrm* on*' 
of the ratio arms. The desired interelcetrode eajmejtoftec art* only 
across terminals Gif of Fig. 172. This is done in the commercial bridge 
of Fig. 172 by a special socket adaptor, which makes this connection 
automatic. The self-capacitance of the mlapicr i» eluoitmted by ro«- 
necting the adapter in the circuit when the initial balance to made. 

It should be understood that,‘even in the audio-frequency range, n 
high-precision capacitance calibration is possible only when careful 
shielding is provided and the bridge is symmetrical, For this reason the 
ratio arm must be 1:1 and the unknown capacitance r, . vjuv , . rufirr 
by the slitting of a variable standard of the name magnitude or by n 
substitution method for which hvo itipneitiUM** are used o„,rsMvoiy 
in the same arm of the bridge. 1 

94. Determination of High-frequency Capacitance, th ie rnlly it 

may bo said that the measurement of high-frequency capacitance in 
simpler. If precision calibrations of cond.'i. rr o, i,. i- -.b, 1 
arc to hold in the high-frequency range also, the methoda juat de-crilietl 

1 This is discussed in detail by J. Field, Gen. Rwiw Bwpmrimmtm, January, HK«». 



DETERMINATION OF CAPACITANCE 


217 


are unsatisfactory. It is then customary to use good high-frequency 
standards (good variable-air condensers, for instance). The customary 
Wheatstone bridge methods require careful shielding and grounding 
(Wagner ground, see page 241) in the audio-frequency range and are 
hardly useful for frequencies much higher than about 50 kc/sec, unless 
the Giebe 1 bifilary bridge is employed. But even with this bridge great 
difficulties arise in the very high frequency range. The differential 
method with a balanced-air transformer indicated in Fig. 174 avoids 
many difficulties. The high-frequency voltage is impressed between 
points 3 and 4 and the traveling contact 4 is moved until, for short-Cir- 
cuited C s and C x terminals, the zero-current detector across the secondary 
of the balanced transformer does not indicate. With C x and a variable 
standard condenser C 8 in the circuit, the setting of C s is varied until the 
zero-current indicator passes through a decided minimum. By resetting 
contact 4 along a slide wire (constantan wire of a few ohms resistance), 



Fig. 174.—-Differential system for measuring high-frequency capacitance. 


an absolute balance is obtained. The setting of C 8 then gives directly 
the effective high-frequency value of C x . This method has also the 
inherent advantage that the test sample and the standard are compared 
at the same time and any variations in the supply current I cannot 
affect the measurement. The differential transformer has no effect on 
the circuit, since it is balanced. Although the value of the supply current 
does not affect the measurement, too small a supply current decreases 
the sensitivity of the method. The variation of C 8 during the setting 
of the balance may tune the input circuit, which is not a desirable feature, 
or may decrease the value of I near the actual balance setting owing to 
the effective reactance of the differential system, which is still more 
undesirable, since then the sensitivity is decreased in a region where it 
should be great. To avoid this, either a fixed suitable inductance L 0 
or capacitance C 0 is inserted in the input side so that the C s settings avoid 
either conditions near resonance or antiresonance. For ordinary work 
a high-frequency current I of about 50 to 100 ma is more than sufficient 
for high sensitivity. An ordinary thermoelectric milliammet&r (about 
100 ma max) can be used as a zero-current detector. For cases where 

1 Ann . Physik, 24, 941, 1907. 
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great precision is required, a crystal rectifier with a block condenser C 
is used in such a way that the rectified secondary current flows through 
an ordinary student galvanometer ( 1 - to 2 -ma full-scale deflection) 
which has its zero conveniently at the center of the scale, since the zero- 
current reading is a return point giving a very sharp zero dip. This 
connection is used to establish the approximate adjustment of C ,. By 
tuning the secondary of the balanced transformer by means of the con¬ 
densers across 1 - 2 , greater sensitivity is secured. The double-pole 
double-throw switch is then connected to a wall galvanometer and a 
very accurate zero balance obtained. 

95. The Substitution Method.—The inductances (L + L 0 ) of Fig. 175 
are so chosen that the natural frequency of the circuit with C x in it falls 
m the desired frequency range. The frequency of the loosely coupled 
generator is varied until the resonance indicator gives a maximum 
response. The test condenser C x is then substituted by a variable stand- 

ar ,*’ G * 1S vanecl until maximum response again occurs. The 
setting ot C s then gives the high-frequency capacitance of C x . 


High freg. 
source 


Loosed ^ 


U 


Fig. 175.— Substitution method 


Resonance 

indicator 


Step-over resonator 

Fig. 176.—-Harmonic method. 


96. The Harmonic Method.— The circuit is shown in P,V I7fi tv 

procedure utilizes the fundamental and any of the hisrher biir • . 18 

X “Ttt r eth h r r tUSl 

4 »o«ed br . decided dip 

Viator Sa ' ls£ )*® tlie - k/VCX. 

C s which satisfies the relation 2/ = ki-K/cY ru, , 8Ta ndard 

is then C x = 4(7 jf u, . , , s ’ The unknown capacitance 

not so powerful in tube^drcuits^ wT™ (which is usu <# 

C*L = 9 C,L or C x = lc ^ 7 COmpm ^ the oscillation constants, 

tion with Figs. 175^nd m^efonr^Q 6 tot]® edures described in connec- 

g also to the resonance methods. The 
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simple resonance method determines the unknown capacitance C x by 
means of the natural circuit frequency / for a known inductance L across 
C x . If the capacitance is in microfarads, the inductance in microhenries 
and / in kilocycles per second, from / = 159.2/\/ C x L, 


25,345 

PL 


(14) 


The measurement is conveniently carried out by using the tube generator 
of Fig. 20, which in a loose coupling indicates by the grid dip the resonance 
condition of the CJj circuit and by its dial setting gives directly the 
frequency within a small percentage. A standard frequency meter is 
then loosely coupled to the tube generator and the setting of the condenser 
of the standard frequency meter varied until a grid dip occurs again. 
This gives the accurate value of /. The value of L is found with one of 
the methods described in Chap. VII, or by the same method with a knowp 
condenser instead of C x . 

98. Fleming’s Method for the Determination of High-frequency 

Capacitance.—An ordinary three-element electron tube is used to indi¬ 
cate the zero balance of the capacity bridge of Fig. 177. A table galva¬ 
nometer (about 1-ma full-scale deflection) is inserted in the grid branch 
and indicates a current for any positive grid 
potential. The positive grid potential is partially 
due to the voltage drop across the filament and 
partially due to a 1.5-volt dry battery which puts 
a positive bias on the grid. For <7* = C 2 , the 
standard capacitance Os is gradually varied until 
the galvanometer indicates no further current Fig. 177 .*— Grid-cur- 

decrease. The bridge points are then at the same * ent m . eth f d for adjusting 
, , ✓v % ^ ,• , to equipotential points. 

potential and C x ** C 8 . For more accurate work, 

the bifilary-bridge connection with careful shielding and proper ground¬ 
ing should be used. , > ' . ' 

99. Determination of the Effective Capacitance of a Space Condenser. 

In high-voltage engineering and for high-power work, the plates of cus¬ 
tomary types of high-frequency condensers have the form of cylinders 
with rounded caps on each side or some other form which avoids corona 
discharges. Two or more of such cylinders or other spacious poles are 
used and the capacitance is varied by the relative position. Capacity 
effects then occur in all directions and especially toward ground. 

If one space pole is A and the other B, the effects toward ground 
and the correct capacitance can be found by means of the circuit in Fig. 
174. It is then necessary that the ground at the mid-point of the differ¬ 
ential transformer be disconnected and the determination is as follows: 

1. The space condenser C* is connected, into the differential system and the space 
pole B is grounded. The balance of the system for the balance setting G* » Ci gives 
the relation C\ * Ca-b + 
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2. The balance is carried out for space pole A grounded, leading to the balance 
setting C» * C% for which C% ® Ca~b + Ca-o. 

3., The two space poles it and B are connected, forming one pole of the unknown 
condenser and the ground the other pole. A balance C a » C\ In made for which 
Cz - + Cb^ 

The effective capacitance C s of the space condenser is then 


&a **•0 f ^0 


C /y I wa—U ' 

as — O a-B *T / : Y —r >v 
tl-o T' 


•' B—Q 


o.sj 


Ci + Ca — Ca -f* 


[Cl + c, 


CsKCj + Ca » Cl] 

Ca 


(15) 


100. Determination, of the Frequency Factor of a Condenser.—The 
ratio of high-frequency capacitance to static capacitance of a condenser 
is called the “frequency factor.” The frequency factor is practically 
unity for a properly designed air condenser. For this reason such a 
condenser can be used to measure the effect ive high-f:requency oapacitance 
of a teat condenser C, with the method of Fig. 174 and the static capaci¬ 
tance with the ballistic method shown in Fig. 189. In the latter method 
the standard air condenser is used to obtain the correct value of the 
ballistic constant. The high-frequency capacitance C» is measured for 
several points of the high-frequency range in order to see to what extent 


y • 


the frequency factor varies. 

101. Absolute Methods for the Determination of High-frequency 
Capacitance.—-One procedure consists of measuring the current I pass¬ 
ing through a test condenser C» and the terminal 
voltage E across If a properly designed tube 
voltmeter with negligible current consumption (both 
direct current and displacement current) is used and 
a pure sinusoidal voltage is impressed on the measur¬ 
ing system, the unknown capacitance is computed from 
the relation C, - 10*I/(wE) microfarads if E and I 
are in volt* and amperes, arid the frequency «/2 w in 
kilocycles per second. With present frequency stand¬ 
ards there is no difficulty in determining the fre¬ 
quency with great accuracy, but the measurement 
of both voltage and current is a drawback if high accuracy is neces¬ 
sary. The absolute method of Fig. 178 depends on the knowledge of a 
standard resistance K and the frequency only, since it is only necessary 
to adjust the value of R so that the high-frequency current /, passing 
through R and C, produces the same terminal voltage for which It ■> 
1/(2r/C*). The unknown capacitance is then computed from 



Jhwm 0^ mt'k 
tt&i vt/mm? 

Fra. 178.—Ab¬ 
solute determination 
of capaeitanc«. 


C» ** - y jg" (16) 

wnere C* is in microfarads, / in kilocycles per second, and R in ohms. The 
general procedure of the measurement consists in connecting the single- 
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pole switch toward 1 and adjusting the negative grid bias until for a 
certain value E *= E u the plate current just disappears. The inverse 
tube voltmeter then offers an infinite impedance toward the terminals 
of the test, condenser C x and as such cannot affect the conditions of C a . 
There is then the relation 




since denotes the maximum value E v ‘ of the plate voltage. 

The single-pole double-throw switch is now connected toward 2 and the 
negative grid bias changed until, for a value E -* 22s, the plate current h 
just disappears which satisfies the relation jui?s + hR\/2 = 0; where 
IJiV 2 now denotes the maximum plate voltage E p " existing across the 
standard resistance R. The unknown capacitance is computed from 


, 159.2 E% 

*" ~JW ¥[ 


(17) 


where C„ is in microfarads, / in kilocycles per second, and R in ohms, since 
/ lV /$ - -vmCEi - -i*E 9 /R. Hence, if for the second circuit adjust¬ 
ment R is varied (for a constant current flow h) until the plate current 
just disappears again for the same grid bias J2» ** Ei, the expression of 
(16) can Iks used In the computation and the actual value of the grid bias 
need not be known. The same is true for high-frequency current h 




102. Determination of a Comparatively Large Capacitance. 








mtor. The terminals 1, 2 are short-drouitod 
and the setting of C, is varied until the thermo- Ui me 
electric indicator gives «for C, - C i a maximum &0& 
deflection d. The oscillation constant of the Ly . —l * 

measuring circuit is then CiL. The tost con- 170 „„n,o«rmr«»*UKiof 
denser C, is connected across terminals 1, 2 and 1 of I 
resonance deflection d again is obtained for a 

setting C, » C*. The oscillation constant is then CtC m /(C% + (7,), and 
the unknown high-frequency capacitance is computed from 

C. . ( 18 ) 


&o 

a 


!« 


Fla. 179 ^-Dtitonninatioiiar 
of ti largo ttapadtanctt. 


103, Determination of a Comparatively Small Capacitance.- -The 

measuring circuit of Fig. 180 is excited by a loosely coupled tube generator. 
When <7, is not in the circuit, the measuring system is tuned for the reso¬ 
nance deflection d which is obtained for the setting C. - C n and the 
oscillation constant CiL. The test condenser C, is oonneoted to terminals 
i, 2 and resonance is obtained again for the setting C, - C% and oeclila- 
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tiorr constant (C 2 + C m )L, and the unknown capacitance computed from 
<7» = Ci - Ci. Very small capacitances can also be determined by the 
parallel-wire system. 1 It can be shown that the input impedance of a 
parallel-wire system l cm in length is 


_ __ sZt cotanh 0 for far end AB open 
~ \Zq tanh 0 for far end AB short-circuited 

* 2 W 

if S2 stands for the simplified electrical length CL m j ^ l of t he 

actual length l as indicated in Fig. 181, and the surge impedance Z„ for 
high-frequency currents is y/LJC. The quantities C and I, denote the 
capacitance and inductance of the parallel-wire system ja;r centimeter 




Piff. 180. —Determination of a ammll Fio. 181.—The paraltel-wir*' method, 

capacitance* 

length and X (om) = 3 X 10 7 //< 1 “''" oj . If l - X/4, the open line m excited 
in the fundamental mode as for customary antennas and the indicator 
I shows the resonance deflection. If for the same exciting frequency the 
parallel-wire system is made shorter than the quarter wave-length dis¬ 
tribution by sliding the metal tubes A ancl B more toward the input end, 
the condition for resonance for which the reactance of the line vanishes 

Z x\ 

Zo cotanh a = —^ ** 0 for l - is no longer fulfilled, since 

j tan y J 

vm -n 

j tan —V 

A 

But if a condenser of suitable capacitance C, is connected across the free 
end, a resonance effect will be noted again if the lumped reactance 
1/G«C.) just makes up for the reactance of the removed portion Si 
and 


i VLjd ft 

- —- o 

j tan yAi 


1 This method was used in the earliest days of radio. For ftuutiUned waves it In 
discussed in detail by G, C. Southworth, Radio Rm, U 577, 1920; 2, 25, 1921; it II, 
England, Froc. I.RJL, 15 , November, 1927. Thu subject mutter has n.iso Iwmt dealt 
with in Bur. Standard s, Sd. Fajmr 491, p. 514, 1924. 
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Since « ™ 2v/(\\/CL), the unknown capacitance C* can be computed 
from 


C m 


ex 

2ir 


tan 


2xA l 
X 


(19) 


which for small values of V leads to the approximation 

C, £* AZC (20) 


where A/ is in centimeters, and the capacitance per centimeter length of 

the parallel-wire system is 


C 


JO-8 

oa , 1 a + \7a 2 — d? 

36 log, -- 


( 21 ) 


where C is in microfarads and if the diameter d of copper wire and the 
spacing a between centers of the parallel wires are in centimeters. The 
method consists of connecting the unknown condenser C„ across the open 
terminals .1 and B and shortening the parallel-wire system, until 
resonance occurs for a length V cm, and computing C x from (19) where 
approximately X - 3 X 107/ and / in kilocycles per second. The 
procedure is simplified and more accurate if the open parallel-wire system 
m first adjusted for the quarter wave-length distribution recognized by 
the resonance deflection I and the length l - X/4 noted in centimeters. 
The unknown condenser C, is then connected across A and B and the line 
shortened to a length l' for which resonance again occurs, and the 
unknown capacitance is computed from 

C, ■» 0.686ZC tan 90 y (22) 

The resonance indicator has some effect on the settings, and for more 
accurate work this indicator to dispensed with and resonance indicated 
either by a loosely coupled aperiodic detector or by the reaction on the 
tube circuit. A loosely coupled frequency meter can also be used. The 
adjustable Lechpr wire also causes an error, since the capacitance C and 
inductance L unit length are somewhat different for slip-over portions. 
To avoid this error, it is better to figure out approximately what the 
quarter wave-length distribution l is and use a length of an ordinary 
parallel-wire system about half as long, or shorter, and connect the 
unknown capacitance C, across the open end. The frequency of the 
source is then changed until the fundamental mode with the G* loading is 
excited, and the value of C. computed by means of (19). It is also 
possible to measure a small capacitance C, by means of the halt wave¬ 
length distribution of the parallel-wire system. It is then necessary to 
short-circuit the free end with a current meter of negligible resistance. 
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This meter will act as a resonance indicator and the unknown capacitance 
which is connected at the input side is computed from 

C, ■< - cotan 180™. (®) 

r 

where l is the length of the line for the half wave-length distribution 
and the line short-circuited on either end, and Al the change in length 
when C. loading exists for the same exciter frequency. Methods of this 
type, of oourse, may claim only an accuracy in the neighborhood of 1 
per cent. 

The method indicated in Fig. 182 uses the heterodyne principle and 
is probably.one of the most sensitive procedures for measuring very small 
high-frequency capacitances. (1) The condenser C, of the tube generator 
I is set so that a current of about the frequency F is produced for which 
the small test condenser C, is to be calibrated. This high frequency F 
is determined by means of a standard frequency meter. The frequency 



a**# _ 





Fig. 182.—^'Heterodyne method for determining & vwy tmall tmpmeiimm* 


of the generator I is then F =» k/-\/(T,. (2) The tube generator II is set 

to a frequency to produce a suitable beat note fi between fundamentals 
which is heard in the telephone receiver T%. This beat note Is matched 
by the tone in the telephone receiver T% connected to a calibrated beat- 
frequency generator which should be completely shielded and put m 
far from all other apparatus as possible. (8) The small unknown capaci¬ 
tance C m is connected across C, and the new pitch ft of the beat note in 
Ti is noted and matched by means of T a and the variable condenser of 
the calibrated audio-frequency generator. The somewhat lower high 
frequency of generator I is then found from the difference / -> /> - /, 
and equal to F - / = k/y/lT, -f C,. One finds 


• p p 

F -7 


C. + C. 1 

— 7t —or f--r 

L " i _ / 

L 1 f 



But p = f/F is a very small quantity for small values of C, and, sine** 
1/(1 — p) 2 *= 1 -f 2p, one finds 2 f/F -> C m /C, and the unknown small 

capacitance can be computed from 
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c, - ?r (24) 

For still more accurate work the frequency / « / t - /a is found by noting 
the beat frequencies / t and /» by means of a synchronous clock. The 
ultramicroammeter of J, J. Dowling 1 can be made to act as a direct- 
indicating small-capacity meter. The circuit is then, as in Fig. 183. 
The oscillator is so arranger! that pronounced rectification effect takes 
place; that is, the work characteristic takes place along a curved portion 
and the operating point for the steady plate current for a particular 
frequency is somewhere on the lower bend of the work characteristic. 
The microammeter in the external plate branch is such that, for no 
test condenser C a connected in parallel with C„ it reads either zero or a 
small current only, so that a microammeter can be used. If C g is con¬ 
nected across C », a change in plate current will cause a considerable 
deflection on the microammeter. The circuit can be calibrated in terms 
of shunted capacitance by using a small two-plate condenser with a 



Fi<*. 188«—'Tube gftftttrftto* Fio. 184.—M«*thod far tho dtiiirmiimtion 

xneUr. of axtramaly small onpaoitanectfi C«. 


micrometer adjustment so that the shunted capacitance is known from 
the‘dimensions and settings. Another circuit* for measuring minute 
high-frequency capacitance is shown in Fig. 184. The unknown capaci¬ 
tance is in this particular case the very small interelectrode capacitance 
between the plate and the control grid of a shield-grid tube with a cold 
filament. The source most be such that the high-frequency voltage E 
remains essentially constant, irrespective of whether the single-pole 
double-throw switch is connected toward 1 or toward 2. With the 
switch on 1, a certain deflection is obtained on the tube voltmeter. With 
the switch on 2 the small condenser C, is varied until the same deflection 
is obtained. The netting of C, then measures the small interelectrode 
or any small capacitance C*. The small standard condenser consists 
of a copper wire, with a diameter of 0.125 mm, along the axis of a cylinder 
with a diameter of 2.5 mm. The wire can be moved along the axis with 
a micrometer movement and an indicator. This condenser is about the 
same' as the small variable cylinder condenser of T. Wulf. 

1 /’roe. Roy. DM. See., 16, 17, 1021; Engineering (London), 112 ,396, 1921; Nature, 
107, 623, mi; Phil. May., 61,81, 1923. 

a Hum,, A. \V., and N. H. WauuB, Phy*. Ren., 27 , 432, 1926. 
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104. Calibration of a Variable-air Condenser in Equal Parts. —A 

method which was used by the Bureau of Standards 1 at one time is 
especially adaptable if a comparatively large variable condenser C x 
is to be calibrated by means of a much smaller standard variable con¬ 
denser C 3 . The condenser C s is set to a suitable even value near the 
maximum value of C s and connected across a coil with a loosely coupled 
aperiodic resonance indicator (about one turn working through a crystal 
rectifier into a direct-current microammeter). The resonance effect is 
produced in this circuit by a local oscillator (Fig. 20). Condenser C B is 
now replaced by condenser C x which is varied until resonance again 
occurs without changing the generator frequency. This gives the cali¬ 
bration point C x = Ci. With this setting, C a is connected in multiple 
with the test condenser and set to some small C 8 setting, say C s = 100 md. 
The generator frequency is then varied until the resonance indicator 
gives a maximum response. Next, the condenser C 8 is set to such 
successive values as 200, 300, 400, 500, etc., ^f, and, for fixed frequency, 
resonance is produced by decreasing successively the C x settings. The 



Fig. 185.—Method for dividing a variable air-condenser into equal parts. 

calibration points C* = CY, C 3 , C 4 ', etc., are the capacity values for 
which each successive setting is smaller by the same amount (by 100 nnf) 
than the preceding setting. This is carried on until the useful minimum 
limit of the C* calibration is obtained (about 5 deg). Next, the standard 
condenser C, is again set to the suitable even value near 180 deg with 
C x = Ci in parallel. The frequency of the generator is changed until 
resonance occurs. The setting of C„ is then decreased again to its 100 MA*f 
value as above and C x is varied until for some setting C x - C 2 resonance 
occurs, which is another significant calibration point and the range C-t 
down to Ci is calibrated in equal parts as above. This method pre¬ 
supposes that the condenser to be calibrated does not change with the 
frequency within the frequency band over which the calibration is carried 
out. A much more sensitive method for dividing an air condenser in 
equal parts is shown in Tig. 185. The procedure is an equal beat-tone 
method which has a great resolving power. A standard variable-air 
condenser C„ is again connected in parallel with the variable test con- 
1 Bur, Standards , Circ. 74, p. 130, 1918. 
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denser C, which is to be divided in such a way that the capacity difference 
between consecutive division points is equal to a known and fixed value 
AC. The circuit formed with L is in this case the external tuned plate 
circuit of a tula; generator. The condenser C m is set to its zero position, 
(minimum value), which for practical reasons may be the 10° setting as 
the* arbitrary zero. The standard condenser is set to its maximum value 
(180 deg) and a plate coil of an effective inductance L is chosen so that 
the tube oscillator produces a fundamental frequency /i which falls 
into the range for which C* is to be used. A tuning-fork oscillator, a 
calibrated bent-frequency oscillator, or for very precise work a fixed 
beat-frequency generator using two slightly different piezo crystals in 
parallel to produce an audible note of frequency f 0 is set on a table in 
the test room, so that the tone coming from a loud-speaker is faintly 
heard over the entire room. The fundamental frequency ft of a local 
generator (circuit of Fig. 20 will do) is varied with the measuring gener¬ 
ator above resonance to such a value that /i — ft = fa. Therefore it is 
necessary only to increase the frequency of the heterodyne generator 
until t he beat tone observed in the telephone reoeiver T has the same 
pitch as the tone coming from the loud-speaker. This is easily done by 
using one earpiece of the telephone reoeiver T and listening with the 
other ear to the tone from the loud-speaker. Next, the setting of C» 
is gradually increased. The tone heard in T will with both receivers on 
the ears become lower, pass through aero-beat region, and increase again in 
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l/(2ir\/Cj7) is reached. This is also brought out by measurements.' It 
should also be remembered that, because of the distributed nature of 
the coil capacitance, the coil goes into resonance for several modes which 
are not necessarily integer multiples of the fundamental, and that there 
are conditions for which selective absorption in the coil is due to voltage 
resonance and conditions for which current resonance is the cause. Both 
happen with high inductance coils, such as, for instance, with poorly 
designed audio-frequency transformers. If a coil is connected across a 
tuning condenser C as in Fig. 186, the distributed coil capacitance may 

be considered as a condenser Co across the 
series combination of a pure inductance L 
and an ohmic resistance H. The tuning con¬ 
denser is also in parallel with CV The deter¬ 
mination of Co then consists of determining 
the resonance frequencies /, and /*, rewpee- 
tively, for two different settings Ct and C* of 
the variable-air condenser (7 by means of a 
loosely coupled tube generator (Fig. 20) and 
a standard frequency meter. If the analytic solution is used, 



Fro. 180.--Graphic determina¬ 
tion of coil capacitance Co. 


h 



k 


and the self-capacitance is computed from 


r _ W - cy 5 

C 0 - - -^ y 


(25) 


The self-capacitance C u can also be solved graphically and readily when 
the corresponding wave lengths Xi and X a are used instead of the fre¬ 
quencies fi and ft, since then the linear relations 


Xi s - h[Ci + CoJL and X,» - JfcJC* + CJ& 

exist. It is necessary only to find the points 1\ and P, for the coordinates 
Ci, Xi 2 and Ct, X a a , and the intercept P 0 of the straight line (passing 
through P i and P a ) with the horizontal axis determines the value of C„, 

Since, according to the above relations, L - ^ and the graphical 

construction of Fig. 186, the slope of the straight line when taken to Made 
tan p/k i denotes the inductance L, there is also n way of finding the 
true inductance of the coil. The factor k t is equal to MaMO 1 * if X is in 
meters, C in farads, and L in henries. A linear relation is also obtained 

rv p otted agalPst G and loads to * similar graphical solution (see 

iig. 194). 

The dielectric method of determining the coil capacitance C„ consists 
m placing a fixed condenser of a capacitance C across the coil m that the 
1 Bur. Standard «, Tech. Paper 208, 10*25. 
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fundamental monasoe for the combination occurs for a frequency 
f For ibis com lit ion the mbit ion /i - k/\/€ 4- C’o is satisfied. The 
tmt mil is now submerged in oil or some other liquid of known dielectric 
const :tnl * and again the frequency of a loosely coupled heterodyne 
■Mowrutor (fig. 20) i* varied until a pronounced grid dip occurs, but tor 
JL resonance frequency ft which is checked by a frequency meter for 
more accurate work. This condition satisfies the relation /*- 
k JC 4- «C*. The coil capacitance is then computed from 

c-& <*> 
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which gives about resonance with 2f by reducing the setting Ci to a value 
which is about Ci/4. With this preliminary adjustment, the approach 
of the beat note and the final zero-beat condition for the double frequency 
can be observed distinctly. The accurate setting of C 8 to the exact value 
of C 2 is made next. If the third harmonic is used for the measurement, 
the variable condenser C 3 is set approximately to a value C i/9 and the 
frequency of the driver I varied until for a frequency 3/ another zero-beat 
condition is observed. This gives the exact setting of C s = C 8 and from 

3/ = h/\/Cz + Co and the fundamental relation / = A/V^T+^o, the 
coil capacitance is computed from 



(28) 


Other methods utilize the condition of self-resonance of the coil (lowest 
frequency). Calling L the true inductance of the coil in microhenries and 


A 'eutra/posrt/on of 
fluorescent spot 

a\ 


ray tube | f 





Gravest cot l oscillations of one Type 
(Current rvoononce) 


a-* 


Gravest eat/ osat/ahons of other type 
Ofottogc resonance ) 


For one type For other type 
of resonance of resonance 

188 - In L di ^es condition of voltage and condition of current resonance of coils. 
(Uathode-ray tube in the position as above is moved along the coil; the magnetic as well 
as the electric field of the test coil L x affect the fluorescent spot.) 


C 0 its effective self-capacitance in microfarads, for the resonance fre¬ 
quency / in kilocycles per second this quantity can be computed from 



25,345 

PL 


(29) 


A properly designed vacuum-tube voltmeter connected across the coil is 
used to indicate the resonance condition when a loosely coupled driver 
i.Fig. 20) is varied upward in frequency until a decided sharp response 
takes place. Cathode-ray 1 and glow-discharge tubes can also be used for 
this work. One-point connections to small neon-glow tubes or other 
glow tubes brought in the neighborhood of the test coil will indicate the 
resonance condition. If a cathode-ray tube is used either no electrodes 
are employed or external deflection electrodes are used. Thus if a 
cathode-ray tube with no deflection electrodes and with its axis perpen¬ 
dicular to the axis of a test coil is moved along the test coil as in Fig 188 
deflection ellipses as indicated may occur when the coil is in resonance’ 
The cathode-ray tube can then be used to explore the charge distribution 
along a long coil. Hence, when a cathode-ray tube with external elec- 
1 Bidder, C., Arch. Elektrotech., 10 , 339, 1922. 
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trades mounted at 90 a* in Fig. 189, is connected across the ends a and 
b of a test coil resonance condition can be observed by means of the 
result ant It. For the gravest coil oscillation for voltage resonance, the 
resulting deflection disappears when the coil ends a and b are short- 
circuited, while for the gravest oscillation for currenf resonance the deflec¬ 
tion remains undisturbed if a and 

b are connected together. A linear rj ffi "V.I 11 H—f -~ .;. | £ j_ 

deflection results for coil oscillations -I ^ 

for voltage resonance if only one set 1 ? r~ || j: | ^ 

of external deflection quadrants are * nmMiM '**’*”* 

used, but in such tt way that the resonance if two external deflection, oleo- 
defleetinn plates form parallel plates trodo " aro U8eti ' 
as customary with internal electrodes of cathode-ray tubes and are con¬ 
nected across a and b. 

106. Note® on the Effect of Interelectrode Capacitances of Electron 

Tubes on the Input and Output Impedances of the Tube.— As far as the 
measurement of interelectrode capacitances is concerned, the discussion in 
Sec. 12 and the description of Sec.’93 in connection with Fig. 173 are of 
important*. This brinp out that one must distinguish between true 
intoreleotrode capacitance* (see Fig. 173) C,/, C ov , and C Pt and grid, plate, 
and filament capacitances C m C p , and C/ given by * 

Vg m Cgp *1“ C t f", Cp «■ Cgp 4- Cp/', C/ na Cp/ -f* Cp/ (30) 

It Is the capacitances C t and C, and not alone the true interelectrode 
capacitances C t / and €*/ which play a part for the input and the output 

* * m * » * s « « «•» i i • 


oeeillator, or detector. But when the tube is not connected in a circuit 
and the grid-filament terminals are connected to a capacity bridge or 
the like, the delta connection of Fig. 173 shows that not the true inter- 
eleetrwie capacitance C tf is measured nor C„ but C B / shunted by a series 
combination of C ap and (*„/. A similar capacitance combination would be 


llltsittj IVU-lJP f iumucvcwuiumv 

however, can be measured directly If a special tube adapter is used in the 
tube-capacity bridge? of the General Radio Company (page 210) or the 
method | the theory of which is described in Sec. 12 with the final formula 
(95)| is used which is mentioned under tube measurements on page 337. 
As far as the Input current i, and the output current i P in Fig. 173 are 



for the current across the direct path 1 to 2 at the input side, i x may be 
called the thermionic contribution and is the displacement component 


way along the direct path between 2 and 3, the current i 3 may bo called 
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the thermionic and the displacement component, while the current h 
between the plate and the grid is a displacement current and is the one 
which may give most of the trouble in amplifiers in the upper high- 
frequency range. When dealing with capacitances, it is more convenient 
to express the tube action by means of admittances and in the final result 
to use the reciprocal in order to have an expression for the more customary 
impedance at the input and the output side. Then there is di a /de { , as 
input admittance, di p /de P as output admittance, and di P /de g as the mutual 
admittance which is the effective steepness of the work region of the tube 
characteristic. In the delta circuit of Fig. 173 for these admittances, 


from which 


dig 

dCg 

d'l'p 

de p 

dtp 

de g 


[Cgf + Cgp] 



grid conductance g a 

di 



plate conductance 

dis 

d e g 

mutual conductance pm 


input capacitance C a 

+ j<*> [C P f + Cgi j] 

output capacitance C v 


+ Jo>C g 


mutual 

capacitance 


(31) 


Input admittance Y 0 = g 0 -f jo)C g ; 
output admittance Y p = — + j&C p ; 

r p 

mutual admittance Y m = g m + juC gp 

The input, output, and mutual tube impedances are then Z g = 1/F*; 
Z p = 1 / Yp and Z m — 1 /Y m . For accurate determinations it is therefore 
necessary to account for both the active and reactive components. This 
is followed up under tube measurements in Chap. XIII. 

107. Determination of the Capacitance of Insulators. —The insulator is 
connected in place of condenser C x in Fig. 174 and the dielectric resistance 
compensated by the traveling contact 4 along the slide wire. A small 
standard variable-air condenser C 8 is then gradually increased until 
the zero-current indicator of the differential system just passes through 
the no-current condition for which setting C 8 = C K . 

108. Notes on Antenna and Line Capacitance.— For the determina¬ 
tion of effective antenna capacitance and line capacitance at high fre¬ 
quencies, no very accurate measurements are possible, since the conditions 
to ground change and the effective value of the measured capacitance 
depend on the potential distribution along the aerial system. It is then 
also necessary to distinguish between static or actual capacitance, appar¬ 
ent effective, and correct effective values. This is discussed in detail 
in the introduction of Chap. VII. 




CHAPTER VII 

DETERMINATION OF SELF-INDUCTANCE 

As in the ease of capacitance, one must distinguish between absolute 
and relative methods and between absolute and practical units. The 
coefficient of self-inductance is defined ns L * e/(di/dt). Therefore, 
it is the value of t he induced voltage in a circuit branch when the current 
changes at unit rate. The practical unit is the henry and a branch of a 
circuit has t he self-induction of 1 henry when 1 volt, is induced across 
its terminals by a change of its current of I amp/soc. Since for high- 
frequency work the henry is altogether too large a unit, it is customary 
to use t he millihenry (10~* henry) and microhenry (10'* henry). As far 
as the absolute system is concerned, one must again distinguish between 
the electrostatic unit and the electromagnetic unit of inductance. The 
latter plays a greater part and is expressed in centimeters, since it has 
the dimension of a length. 

Then 

1 cm [e.m.u.J «* 10“* henry (1) 

The e.s.u. has the dimension of cm~* sec 4 , that is, the reciprocal of an 
acceleration. Because, for the inductance, the ratio of the electromag¬ 
netic to the electrostatic unit is equal to the square of the velocity of light, 
the electrostatic unit of inductance must be multiplied by 9 X 10 u in 
order to give the value in henries. 

109. Notes on Formulas for Inductance.— Many formulas are avail¬ 
able in literature for the calculation of inductance. However, the reliable 
formulas mostly presuppose such coil shapes and relative dimensions 
that they cannot always be used for efficient high-frequency work. The 
requirement for a good high-frequency coil is a large time constant (L/R), 
and small self-capacitance (universal-wound, honeycomb, and bank- 
wound coils for larger inductances).* No doubt the best way to obtaih a 
good value of inductance for a certain high frequency is by means of a 
measurement. Nevertheless, formulas which are not top involved and 
do not require too many computations are of use in predicting the approxi- 
mate value of the effective high-frequency inductance. 

The self- inductance of a straight round wire of length l cm, diameter 
d cm, and for tt permeability y is 


At 

U2X 10 V| log, 1 + 9.25 y 


microhenries 
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which for a copper wir'e in air reduces to 

L = 2 X10“ 3 ^ 2.303 logio i Z - 0.75 j (2) 

This is the static (low-frequency) value and approaches the value 
T 4Z 1 

2 X 10 3 l 2.303 logio — 1 with increasing frequency. According 

to Circular 74 of the Bureau of Standards,,the inductance at any fre¬ 
quency and for any material can be computed from 

L = 2 X 10~H 2.303 log 10 ~ 1 + /x/3 J microhenries (3) 

where the frequency and material coefficient 0 is found, from the Table V 
for the factor 

a = 0.1405d^- f (3a) 

if p denotes the permeability which is unity for copper wire, p the volume 
resistivity in microohm-centimeters. For copper, a * 0.1Q71dVf if / 
denotes the frequency in cycles per second. 


Table V 



For a grounded vertical-wire antenna, L = 4.606 X 10“* log l0 —• 

This value is about three times as large as the value measured at low 
frequencies. For a horizontal wire h cm above ground, l cm long, and 

a diameter d cm, the formula is L = 2 X 10“^ 2.303 log 10 ~ + 0.25 j M h. 

For a parallel-wire system with a spacing a in centimeters between centers 
of the two wires, according to C. Snow 1 of the Bureau of Standards, the 
gh-frequency inductance of a section l in centimeters of the parallel- 
wire system also depends upon the direct-current resistance r 0 in centi- 
1 Bur. Standards, Scz. Paper 491, p. 497. 
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meters per second per centimeter length, and the frequency co/2rin cycles 
per second. The formula is 


10 ~H 4 log.- + 


r 0 

• mm. 


microhenries 


According to the above, the value o£ n is in the e.m. c.g.s. system and, 
if measured for the entire length l in ohms and computed per unit length, 
the required absolute value .of r 0 in Eq, (4) is obtained by the relation 
1 ohm -- 10* cm/sec in e.m.u. For a closely wound single-layer coil the 
H. Nagaoka and L. Lorenz formula is 

r **in>w*.... 

L - - 1 -10 - * microhenries (5) 


if N denotes the total number of turns, D the mean diameter of the coil 
in centimeters, l the length of coil in centimeters, and K a factor which 
varies with D/l. The values of K for different ratios D/l are given in 
Table VI. 

Tabusi VI 




Hi 

0.9 

or.m 

1.0 

0,088 

1.1 

0.007 

1.2 

0.048 

1.4 

0.011 

1.0 

0.680 

2.0 

0.620 

2.0 

' 0.472 

S.O 

0.421) 



For a toroidal coil of circular cross section (having only a very small 
external field), 

L - 12.57 X 10~W*[£ - V'# 1 ""- .r l ] microhenries (6) 

if R demotes the distance from axis to center of the cross section in centi¬ 
meters, r t he radius of the turns of the winding in centimeters, and N the. 
total number of turns. For single-layer or multilayer (long or of disk 
shape) coils for which t he turns touch each other, the formula 1 of Brooks, 
Morgan, and Turner can be used. It is 

Xj — y- j ' _ y ... ^ microhenries (7) 

1 Hull. 63, University of Illinois. 
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for the form factors 


F f 


106 + 12c + 2 R 
106 + 10c + 1AR 


an dF" — 0.5 


logio 100 ~f* 


14J? ] 
26 + 3c J 


(7a) 


with all dimensions in centimeters, and a the mean radius of the winding, 
6 the axial length of the coil, c the thickness of the winding (R — r), r 
the internal radius of the winding, R the external radius of the winding, 
and Z the total length of the wire. These formulas hold to a good degree 
of approximation for low-frequency measurements. The factor F f is 
unity for very long coils and becomes 1.43 if only a single-turn coil exists 
(KirchhofFs formula). All other values lie between these two limits. 
F" is for very long coils likewise equal to unity but is still about equal to 
1.01 if the axial length of the coil is the largest dimension. But F" 
plays an important part if very short coils (disk shape) exist. For 

a:b:c = 1.5:1.2:1 (76) 

the coil gives the largest inductance for the smallest length l of the wire. 
For such a case the inductance increases with the 1.667th power of the 
total length l of the wire. Since, then, F f F" = 1.14, the optimum 
inductance can be computed either from the number of turns N by means 
of 

L OJ>t = 2.56 X 10“W microhenries (7c) 

p ■ • 

or 0.2714^. Of course, such formulas can be ilsed in 

the audio-frequency range only. 

Example— The external diameter of a coil is 10 cm, the internal diam¬ 
eter 5 cm, the axial length 3 cm. The number of turns N * 1868. 
Hence R = 5 cm, r = 2.5 cm, .a = 3.75 cm, 6=3 cm, and c = 2.5 cm. 
The total wire length is 


l = 2t raN = 2t 3.75 X 1868 = 43,990 cm 

Hence L = 21.56 X 43,990 X 1868 X 10- = 0.21 henry. The meaaure- 
ment at 1 kc/sec gave 0.217 henry which is a good check. The computa¬ 
tion is therefore simple. If the second expression for (7c) is used the 
same result would be obtained by means of 0.2714 X 10— X 43,990 2 /2.5. 
For simple types of high-frequency coils, H. A. Wheeler 1 has given 
approbation formulas which are patterned after an empirical formula 
derived by L. A. Hazeltine. The formulas are derived empirically from 
mductance fermuias and curves in Circular 74 of the Bureau of Stand¬ 
ards. 2 With reference to Fig. 190, for the multilayer coil, 

proTilE™:,m;S: 1928; discussion by R - R - Batoher and H - a - 

. 2At , the ? d 0f this circular man y of the formulas and necessary tables and curves 
winch have been studied by various members of the bureau's staff am gtenTnd 
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_0.314 a*N* 
6a Jf. % 4- icfc 


microhenries 


( 8 ) 


which, according to H. A. Wheeler, is correct, within about 1 percent, if 
the three terms in the denominator are about equal. For the single¬ 
layer cylindrical coil 


, 0.4 laW . , . 

L “ !ta + 106 microhenries 


(») 



Fin, HW.—Dlflfarait eott 




- ’■ 'I / 


I 

I 


mem, » 

Pm. 191,—Frame aerial. 


which again claims an aoouracy within l por cent for coils with b > 0.8«. 
Another formula la 



0 4 laW* 

It* -F i fe * in «*e-lnyfir spiral (pancake)s 

0.4loW* ... ^ 

yiY g single-layer cylindrical-'' 


^coil in 
' microhenries 


(«o) 


which claim* an aoouracy within 5 per cent for coils with c > 0.2a and 
2a > ft > 0.3a. In the case at frame (coil) antennas, wo can distinguish 
between single-layer axial anti single-layer radial (pancake) coils. Each 
of this type can be used as a multilayer coll, the multilayer of the first type 
being incut* customary. For a single-turn coil which forma a polygon of 
« sides ami length « In centimeter* for each aide and a diameter d in centi¬ 
meters for the copper wire for according to F. W. Grover, 1 


2s 


L » 2 X 10 % 2.303 log to j + A 


microhenries 


( 10 ) 


where for a square-shaped single-turn frame n - 4, the constant, A « 
- 0.524 for a hexagon « ■ <$, A ■» 0.098, and for an octagon s » 8, 


represent mu- f *f fti<* brat compilation of such formulas which have an Indirect bearing 
«>n IiirIi fn r|»it-firy work. Abo formula* for capacitance and other quantities are 
given I >«r **f her* tlurwau of HttuuUrdu publications, reference i*s made to Circular 24 
fvarsw* jM»|s»w *»* inductance mleulaikme). For development of Inductance formu¬ 
las, wr A It**...* 11. ’ Ati.riiMltoH fun. t:i v»ti, f, (*lta[i«. II mid III, I!>14; A. Gray, 
"AltMtUii*. MaMuremmtain Electricity and Magnetism," vol. II, Part I, Chap. VI. 
Other references an* in itwfhdfh'* fiMrctM Paper*, 3, IS; 8. But terworth, Phil. Mag., 

31, 27*1. 1010; It ..Irma, tre* NUi'.oUth. 3, 1*7, 1918; A. Esau, Jahrb. d. drahtl., 

18,2. 14*20; V. W. Grover, llur. SbmUmU, Bd. Paper, 18, 481,1022; 18 , 735, 1928, etc. 
• /,**- fit. 
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A = 0.462. Axial single-layer coils of N turns and of square shape are 
customary. The coil is then as in Fig. 191 where the pitch p of the wind¬ 
ing is to be taken between the centers of the round copper wire of consecu¬ 
tive single-layer turns. The side a of the square is also measured between 
centers and the width b between centers is equal to ( N — l)p. The 
Bureau of Standards formula 1 is then 

L = 8 X 10-W 2 2.303 log 10 £ + 0.726 + 0.2231- - 8 X 

o a_ 

10~ 3 aiV[y -f 5] microhenries (11) 

where the factors y and 8 for different ratios d/p for the diameter d in 
centimeters of the copper wire and N, respectively, are given in Tables 
VII and VIII. 


Table VII 



Formula (10), when applied to the case of a single turn of square shape 
leads to a circuit which can be used for calibration work if too high an 
accuracy is not required. The inductance is then L = 8 X 10"*s 

( logl ° j - 0.524^ /*h. If a rectangular single turn of sides * and s a 
l Loc. ait. 
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in centimeters which are large compared to d are used, the inductance 
becomes 


L « 10 " 


2.303,, log,, + 2.303,, to,. <2* 

d[s-i + m\ 


d[«i + w] 

2(«i + « 2 — m) 


+ t<t — s 2 | microhenries (12) 


where m * v #i s + «a s . Such rectangular frames were used in the early 
days for standardizing wave lengths (frequencies) by inserting at the 
middle of one of the short sides a two-plate condenser whose capacitance 
could likewise be computed. Such frames are of use when small induc¬ 
tances are required for calibration work. The single circular turn of 
diameter D in centimeter of the circle between centers of the wire of 
diameter d in centimeter can also be used for the same purpose and the 
inductance is computed from 


L - 2 X 10-VZ>| 2.303 log 10 J - 0.33 
which comes from formula (7). 


microhenries 


(13) 


3 





Fio. Mftgotifo eoadittoos for n ©oil with an iron mm* 


If coils with an iron core are used, the dynamic 1 permeability / must 
to used. In Fig. 192, the inductance is given by L„ - y'kAN*/k henries. 
For the core dimensions in centimeters, k - 1.256 X 10“* and the 
dimensions of the core in inches, k » 3.2 X 10~ 8 . The quantity l { 
denotes the average length of the iron path, A the cross-sectional area 
and N the number of turns. For an air gap of length l, one has L e - 

^ Ak as$ ^ 

/ /■ - ■ • v • the figure it can be seen that the dynamic or incremental 

0 1 ') 

permeability y' - AH/AH and not the static permeability y - B/ff 
must to taken into consideration. As far as the alternating current is 
concerned, the effective inductance is the change in total flux divided 
by the change in current,, that is, the effective inductance is L ( = AN X 

1 Hcoonkr, T., J, Am. Irnt. Elrr. Eng., 42, 42, 1923; /%*. Itm,., 80, 527, 1925; 
C. it. Hanna, J. Am. I rial. EUe. Eng., 46, 128, 1927; I). 1. HamooLS, Q.S.T., p. 23 ’ 
April. 192H; G. A. W right and V. T. Bowditoh, Proc. UtR., 16, 373, 1928, and the 
diwimmoit of this [taper by VV. O. Osbon and C. A. Wright, p. 844 ; editorial by 

(2 \Y 4 i I I.* It* fall V4f4mntM»m ft AO I (l»)U 
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10~ 8 AB/AI if A denotes the, cross-sectional area and N the number of 
turns. With ferromagnetic choke coils used in tube circuits, a superim¬ 
posed direct-current magnetization cannot always be avoided except 
theoretically in a push-pull circuit (practically a difference current always 
exists), for which reasons an air gap of length l in addition to the ferro¬ 
magnetic length k is provided in the core of the coil. For a certain path 
k a definite air gap l exists, for which the dynamic permeability becomes 
a maximum, that is, for which the effective coil inductance L e becomes a 
maximum For the total increase in magnetomotive force, then, 

OAN A I = — 7 -b l A B and L e = ---—. henries 

M , Li +l 

P 

if l, h, and A are in centimeters and square centimeters, respectively, 
while for a steady-current magnetization 1 (amp) the flux density in 
gausses becomes 

0 .AkIN 

- gauss 


B 


U 


+ l 


Introducing the value of N from this expression into the L c relation, 


AB 2 h + Z 

JL 


L e = 


" 2 


k + i\p 

Lp J 


io~ 8 

0.4tt 


s{- + i 

If* kj 

2 

UA 

"j,+r 

iy h. 

I % . 


10~ 8 

0.4x 


henries 


But liA is the volume r of the iron in cubic centimeters and 

'1 


L e P 


B 2 


+ P 


0.4ir X 10 8 1 


v + P 


for p - l/k. For direct-current magnetization, from the B relation 
given above, 


IN 

u 


jLnu 

0-47r|^ /X P 

C R Hanna 1 used expressions of this type and for certain air-gap ratios p 
plotted curves of L e I / T against IN/h The method then leads to a 

sstur rf cuives ’ the a “- 6!ip rati °* the <*“■"«» 

11°. Determination of Low-frequency Inductance.— In order to 

neceJs^to Sow^th* ca P acitance > etc - at high frequencies, it is 
essary to know the static inductance of a coil. With a properly 

1 Loc. tit . 



DETERMINATION OF SELF-INDUCTANCE 


241 


designed high-*requency coil, the determination of inductance at 1 kc/aec 
or a Himilar audio frequency is then sufficient. 1 The decade-resistance 
bridge of the General Radio Company or its equivalent is very useful for 
this work. It is the Wheatstone bridgeP 4| P& f P 7 , Pa, A, indicated in 
Fig. 193. The variable decade resistances Ri and R% are the ratio arms. 
The arm R v consists of four decade resistances 0 to 0.1, 0 to 1, 0 to 10 and 
0 to 100 ohms, respectively, giving a total resistance of 1111 ohms. 
Ratio arm R* can be adjusted to 3, 10, 30, 100, 300, 
and 1000 ohms. The standard resistance R 0 is again 
variable as R\ and has 0.1-ohm steps up to 1111 ohms. 

The decade resistances can be relied upon up to a fre¬ 
quency of about 1.5 Mo/sec. The entire bridge 
works for the total audio-frequency range when all 
apparatus except the plug in hand set T and the test 
and standard coils arc within a copper shield which is 
grounded and connected to point P a known as 
‘" Wagner ground.” The Wagner ground avoids the 
difficulties of u asymmetrical ground capacitances. It 
can be readily added to the decade box by using a 
6000-ohm dial potentiometer P\P%P% which is connected across the source 
Pi#V The measurement is m follows: 

1. The unknown induetencus coil L m H» k connected in one arm and the standard 
inductance L**ft* which may be fixed in the other arm. 

2. The value of L» is guessed approximately md the ratio of Ri/R* is chosen 
Approximately equal to the ratio Lm/Jj* (generally using the largest possible setting 
of H% for tills ratio), 

3. The single-pois doubls-throir switch 8% m connected to .point I\ and R» is set 
to its iero value, 

4. The variable raristsnos If* is then changed until the sound in the telephone 
twelver T (which Is connected either directly across I\ Pt or through m audio- 
frequency amplifier) passes through a minimum, 

ft, The setting of If* is gradually increased and if the sound becomes louder if 
shows that the standard h* has more effective resistance and the switch 8% must be 
oonaeoted toward f\, * 

fl The standard resistance R» is then inoraased until a much better sound minimum 
k obtained. The rrakltrol unbalance is then due to uasymmetrical, capacitances of 
the bridge, 

7, The press-button switch 8% to the Wagner ground l\ m pushed down and the 
ties*! V of the scro-oumnt detector plugged into the telephone jack J and the 
wetting of V% varied until am sound is noticed. 

ft The pmta button is released and the telephone connected back toward bridge 
fioitiM /%/b and the 0,1 ssttinp of ft* and if necessary the 0.1 settings of B t arc varied 
unfit tin fdwdute aero condition is obtained. 

The* Wagner pound adjustment Is generally affected but little when 
Hi k varied by !U ohm and points P$Pi remain practically at the mum 

1 Har» &Mmhrd% Vmh» Pap§r 226. 



Fia. 198.—Modi- • 
fled Wheatstone 
bridge with Wagner 
ground. 
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potential which is that of the ground, although only P% is actually 
connected »to ground. If ijhe single-pole double-throw switch 81 is con¬ 
nected to Pn for the balanced bridge, for the balanced bridge, the unknown 
inductance is computed from L x = RiL,/Rt and the effective resistance 
of the test coil is R* = Ri[R, + Ra]/R»- For the switch Si connected to 
point Pa, the same formula holds for L« but 

JB. - i~R, - Ro 

With properly designed high-frequency coils it may be add that the 
inductance value measured at 1 ko/sec holds approximately up to about 
60 kc/sec. 

111. Notes on the High-frequency Inductance of Coils and the Deter¬ 
mination of True Inductance. —The effective high-frequency inductance 
differs from the geometrical inductance because the current distributions 
along and across the wire are functions of the frequency. The self-capacity 
of a coil with its dielectric losses also plays an important paH ami 
neighboring circuits have an effect. Therefore, high-frequency colls 
cannot be regarded as a pure reactance with a pure resistance in 
series. According to experience, for properly designed high-frequency 
coils the pure inductance L with the pure resistance R may be considered 
as being shunted by a lumped capacitance Co which account* for the 
effect of the distributed coil capacitance. Any dielectric lomrn can 
then be taken care of by assuming a certain resistance p in aerie* with C* 
with the series combination across L, R. The value of Co doe* not vary 
essentially with the frequency but the effect of l/wC 0 may be very pro¬ 
nounced. These cases are treated analytically in Sec. 3. From Eq. 
(9) of that section it is evident that the effective inductance 1* approxi¬ 
mately L e = L/(l - rfCoL) if the dielectric resistance p is neglected, the 
exact value being 

L 

It is customary to use coils not close to self-resonance, but far from if. 
The quantity w s CoL is then generally small compared with unity and 

L e ^L[l + u*CJ4 (13a) 

If the dielectric resistance p is also taken into account, Eq. (12) of See. 3 
is the formula for the high-frequency inductance if Co is used instead of 
C. Hence if L is expressed in microhenries, (7„ in microfarads, and the 
frequency / in kilocycles per second, the high-frequency inductance in 
microhenries can be computed from 

Le « L[ 1 + 3943 X 10“*® fH\L] (181#) 

while for coils close to self-resonance which is most undiisiriiblc* for 
practical work, 
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L 

1 - 3943 X \Q~ K pCnL 


(14) 


In these formulas the true inductance L can be computed from a theoreti¬ 
cal formula as given in the last section or is obtained by the graphical 
construction given in Fig. 186 which depends upon taking two readings 
at two different frequencies and / a corresponding to the wave lengths 
Xi and Xs for the condenser settings Ci and Ct, respectively. This 
construction also gives the value of C 0 required in (136) and (14). The 
value of Co can also be directly obtained from the frequency readings by 
the graphical construction of Fig. 194 or by formula (25) 
in Sec. 105 or any of the other methods described in that 
section. The true inductance L can be computed by means 
of (136) and (14) if L, is measured by one of the methods 
described in the next sections. Moreover, the effective 
coil inductance L» is also affected by neighboring circuits 
and shielding. Taking only the case of a pure inductance 
coil L into consideration, the circuit analysis given in Sec. 

4 can be used, where Kq. (29) shows that for a mutual 
inductance M from the coil L to a closed circuit containing L*, C», and R%, 
the inductance L changes to an effective value 


A 


Fig, 194,— 
Dt termination 
of coil capaci¬ 
tance. 




L 


L* - 

Ms* + [ «L S 


l jt 
»(?» 


r - l] 

L _ 


(15) 


showing that the effective high-frequency inductance L» for resonance 
(» 5 6'a//* - 1) in the adjacent oirouit only is equal to the true indtictance 
L. For all other values it can be larger or smaller than L, depending 
upon whether the natural frequency of the disturbing C%, L», R% circuit is 
below or above the resonance frequency. For aperiodic adjacent cir¬ 
cuits such as shielding is, in effect—or a secondary circuit of inductance 
Iji and resistance Its, t he effective inductance L. of coil L is always smaller 
than the true value L as long as lines of foroe interlink L and L s , sinoe 
according to Kq. (26) of Sec. 4, if applied to this case, 





112. Determination of High-frequency Inductance with the Differen¬ 
tial Transformer. —From the above discussion it can be seen that several 
factors change the geometrical inductance to an effective high-frequency 
value. Thus, if conventional coils such as used in the 
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to cover all frequencies from 500 to 1500 kc/sec are tested, tin* following 
results, for instance, are found by direct measurement: All different high- 
frequency coils at 1 kc/sec were adjusted to exactly the same value, namely, 
291 ^b, which is of the order of magnitude common in broadcast receivers. 
Single-layer, honeycomb, basket-weave, bank-wound, and similar coil* 


TZsf sample 


~Lsro trtf<mror 


were used and the effective inductance measured up to 1600 ko/*o. It 
was found that with such suitable high-frequency coils the 1-kc/sec 
inductance was correct up to about 300 kc/sec, but from there on all 
coils increased their effective inductance appreciably. Thus, even with 
a single-layer coil using No. 28 double-ootton-covered, A.w.g. win*, 
employing 55 turns on an average diameter of 81 mm with a total winding 

length of 31.6 mm, the effective inductance was 
291 Mb at 300 kc/sec, but 291 ah at 400 
jVi| s kc/sec, 298 at 500, 300 at 680,304at 700,310 
—-4 ,~y at 835,319 at 1000, 330 at 1180, 840 at 1300, 

OsSsL. 350 at 1430, and 365 gh at 1500 ko/eee. 1 At 

_ _ Highfrg^ _J 1500 ko/sec, some of the less suitable coils 

Fxo. 195.—-Determination of J™ Whlch M ^ f l J > «»»« 

effective mductano® l„ and tne l-kc inductance and ©von higher in NORM 

r 68 - Prora ^ which a«.elm. Hi,T 
otherwise ground a!) ' wtio results, It can b© seen that the ttfttml 

measurement is the only criterion even when 
geometrical single-layer coils are under consideration. The method 
indicated in Fig. 50 is useful if a standard variometer to available. The 
hat coil L % is inserted in one and the variometer L, into the other branch. 
I he inductance L, is varied until a minimum effect to noticed in the uero- 
current detector, which can be a tuned output branch' world ne. ibi-.md* « 
galena rectifier into a microammeter. The traveling contact K along 
the slide wire is moved until an absolute balance to obtained. The «*i i ing 
ot L a gives the effective inductance L„, The disadvantage of this 
dure is that both the effective inductance and the effective resistance of 
the variometer change with both the fmptency and t he relative position 
of the movable and stationary coils. Therefore, many calibration 
cmwes are required unless the variomet er setting L, is especially enhbmted 
settm f with one <* fe other methods. It to then !miter t,» 


bie-air condenser C. to then connected in series with the test coil 

resistant hoy 1 ?? fJP* * ffepeatiaI ®y*tem, while a 

resistance box of known variable resistance R is inserted into the other 

mSmum^ff^t ° n rf r 7 ^ UntU ’ for a <?* » deeid.nl 

of j?TZJ 5, d , f\ the , z f ro -° umsnfc detector. The netting 


of R is varied until a much better balance 


is noted. The handle of (’ 


* wT&fml 7 StaTUlard *’ Teck - Fig. 7 
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then slightly tapped toward each side until an absolute-zero adjustment 
is found. The high-frequency inductance is computed from 


r 25,345 

pc.~ 


(17) 


with L x in microhenries, C, in microfarads, and / in kilocycles per second. 
It will be found that this is a very rapid method and, besides, there is no 
difficulty in obtaining reliable standard condensers and frequencies. 

113. The Resonance Methods.—The simplest resonance method 
consists of connecting the test coil L a across a standard variable-air 
condenser C,. The tube generator of Fig. 20 is loosely coupled and set 
to the desired frequency / either by means of its own calibration or, for 
more precise work, by means of a loosely coupled standard frequency 
meter by noting the grid dip. The tube generator is then loosely coupled 
to the test circuit with L, and C, in parallel and C t varied until a sharp 
grid dip is noted, for which condition L x is computed by means of Eq. 
(17) which refers to another resonance method. The less 1 desirable 
substitution method can also be used. In it, a variable-air condenser 
C, is connected across a suitable standard inductance L„ and C. is varied 
until for a setting C, - C, a grid dip is noted in the loosely coupled tube 
oscillator set to the desired frequency /. The test coil L„ is substituted 
for L, and the standard condenser varied again until for a setting C, - Ct 
resonance occurs for the same generator frequency f. Since for both 
determinations C \JL* m (\Ij x , the effective inductance is computed from 



If a variable standard inductance L, is used in this method, it is unneces¬ 
sary to have a good calibration for C, as long as its approximate capaci¬ 
tance is known in order to give the order of the L, range required for the 
desired frequency /, The unknown ooil L„ is then as above connected 
across 0«, and t, is varied until for a setting 0* •* Ct resonance occurs. 
The variable standard inductance L, is substituted for and b» is 
varied until for a Kitting L. - L, a sharp grid dip is again noted in the 
tube generator for one and the same C, - Ct setting. The unknown 
inductance L t in then equal to Li. The method in which L x is connected 
in parallel with L» and C„ and then L, and <7, only in parallel, is not 
recommended because a certain mutual inductance would exist between 
L, and L„ even under the Ixwt conditions. The series connection of L„ 
and L, m more feasible, especially when small inductances are to be meas¬ 
ured. The method Is then the following; A standard inductance 
with its setting L, « L\ near the maximum value is connected across a 
variable-air condenser < 7 , which is varied until for C, ** C x a sharp grid 

1 Since, w* mentioned in previous sections, many calibration curves are required 
for the variometer if a wide frequency bond is to be covered. 
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dip is noted on the tube generator, for which condition there is the oscilla¬ 
tion constant CxLx. The small inductance L x is connected in series with 
L a and the series combination shunted by C 8 = Ci. Care must be taken 
that La and L x do not affect each other. The setting L* « Lx is then 
decreased until for L 6 - L 2 resonance occurs again for an oscillation 
constant Ci[L 2 + L x ] and the effective inductance is computed from 
L x — Lx — L 2 . 

114. The Harmonic Method.—The procedure indicated in Fig. 196 
utilizes the fundamental frequency / and one of the higher harmonics of 
the tube oscillator. - The test coil L x is connected across the standard 
condenser C s . The step-over resonator is tuned to the fundamental 
frequency j of the tube generator noticed by a maximum deflection d 


Tube generat or. 


Ft a. 20. 

u 


y rrcs-v-, r-+ * —1 

Sfen -over '— " 


of a thermoelectric indicator. Then 
C s is varied until for a setting C $ — C% 
the deflection d passes through a 
/ shar p m inimum for which / * 
} c s J/V CiL x . Next, the standard 
inductance L a is substituted for L*. 

Fig. 196.— Maximum-minimum method The Step-OVCr reSOH&tor, and herd- 
currents after ^L.C. Circuit, IS tUXXOd for th« 

second harmonic which is obtained 
for a setting C 8 = C 2 and 2/ = k/\ / CJL S . The effective inductance com¬ 
puted from L x = 4:CzL a /Cx. 

115. Determination of Small Inductances. — The method described at 

the end of Sec. 113 can be used. It is then also possible to employ & 
separate coupling coil toward the tube generator as in Fig. 197. If L® 
denotes the inductance of this additional coupling coil and of the con¬ 
ductors separating L x and L s from each other, there is, for short-circuited 
terminals 1, 2 for resonance, the oscillation constant C[L 0 + L{\ if L a 
is set at some value L s = Lx near its maximum inductance and the circuit 
is tuned by the setting C* = C. With the small test coil L x across 1,2, 


. j. Tube 

SW- frxgi generator 

db i —3 

4 /% 


generator <| 


Fig. 197.- 


“Determination of 
inductance L x . 





Sound 




a small Fig. 198/ 


-Beat-note method for determining 
a small inductance L x 


the circuit is tuned for .fixed setting C s = C by decreasing L, - L x to 
some value L, - L 2 for which the oscillation constant C[L 0 + L % + LJ 
Since the generator frequency/is kept constant, the oscillation constants 
are equal and L x is equal to Zq — L 2 . The method becomes very sensitive 
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if the beat-note procedure is employed. The arrangement of Fig. 198 
can then be used if the measuring circuit of Fig. 197 forms essentially 
the circuit in Fig. 198 which is responsible for the high frequency / of 
the tube generator I. I he standard L, is again Set to some value L, = L% 
near its maximum value and, for terminals 1, 2 short-circuited, C» is 
varied until for the setting C, (! the desired fundamental frequency/ 
is secured. The loosely coupled heterodyne generator II is increased in 
frequency until the loud beat tone between the fundamentals of both 
generators is heard in the receiver T. The frequency of the generator II 
is then slightly varied until the beat tone is the same as that of the stand¬ 
ard audio frequency /„. Next, the small test inductance is connected 
across terminals 1, 2 and for unchanged capacity setting C, *■ C the 
variometer sett ing L, - h somewhat decreased until for a setting L, « L» 
the same beat note of frequency /„ is again heard and L m is again computed 
from h — Lt, 

In the beat-method procedure one can also make use of the fact that 


rbr«1«T3£*Ail 


of a circuit to C[L +■ AL) but this can be made equal to the original 
oscillation constant by decreasing C by a small amount AC so that 
[C - AC\[L + A£| - CL from which relation 

A r _ r _ LAC 

AL - L. - (10)* 

which for the determination of small test inductances reduces to 


( 20 ) 
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and A f which can be found accurately with a synchro clock and with i 
good degree of approximation by a calibrated beat-frequency oaaiil&tor 
If in (20) and (21) the quality L x is eliminated, 
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116. Notes on Antenna and Line Inductance.—As in the case of 

effective capacitance, the high-frequency inductance can be determined 
only approximately, since the conditions to ground may change and L , 
depends on the current distribution along the aerial system. One must 
distinguish again between true inductance (geometrical inductance) and 
effective inductance which is discussed in detail in the introduction of 
Chap. XV. 

117. Determination of Very Large Inductances.—In high-frequency 

circuits choke coils are required which in the case of battery elimination 
require values up to 50 henries. The same is true with certain filter 
coils. Good audio-frequency transformers likewise use effective induc¬ 
tances which may exceed 100 henries. It is then customary to use special 
laminated iron cores and, if considerable direct-current magnetization is 
superimposed, air gups. Formulas given on page 239 in connection with 
Fig. 102 can then be used to estimate the effective inductance and the 
considerations brought out at the end of Sec. 109 play a part. Since such 
large inductances are used at lower frequencies, they are also tested for 
such frequencies, while high-frequency chokes using subdivided air-coil 
sections are tested by ordinary high-frequency methods given in the 
preceding sections. They mud be tested for the entire high-frequency 
band for which the coil is to act ns n choke and also for self-capacitance. 



can be used. Three arms of the bridge have equal standard resistances 
H of 1000 to 2000 ohms each. The resistance of the variable battery E 
and regulating resistance r are both very small compared to R and are 
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compensating the effect of L x by means of a variable decade condenser C» 
(0.01 /if in steps of 0.001 /if, 0.1 /if in steps of 0.01 /if, 1 /if in steps of 0.1 
/if), a sound minimum will be heard again which can be made more 
decided by decreasing the setting R s = R to a certain smaller value 
R, = Ri- The decrease R — R x is then a measure for the resistance of 
the external shunt across P]P 2 . The decrease R — Ri will be large for a 
coil of poor quality, and especially for a coil with short-circuited turns. 
The effective coil inductance of the choke coil is then computed from 

L x = . henries (25) 

if C a is in microfarads and / in cycles per second. This gives the formula 
7.04/ C 3 = L x for / = 60 cycles/sec. The self-capacitance C n of the (toil 
in microfarads is found by the graphical method of Big. 194. It. is 
then best to tune the inductance for several audio frequencies />, /*, / s , 
Uf-o, corresponding to the C\ settings C h C h C h C it C\, and see to what 
extent these points are on a straight line. The intercept with the 
capacitance axis then gives the coil capacitance. The true inductance 
of the coil is L = 25,345 /[P(C a + Co)]. It is the effective value which is 
of interest in practical work. If large air coils are to be measured, the 
test coil L x is connected across a variable decade condenser C, and a 
^ s s properly designed tube voltmeter con- 

0* <*:««*~ . i nected across both. A loosely coupled 

c — Ift c; 1 coil carrying a current of desired fre- 

J quency / is used and, C, varied until the 
tube voltmeter gives maximum response. 

Fig. 200. The volt-ammeter method Si tak<!D 

for finding z*. trom an output coil of an amplifier to 

nrrri . ... whose input a constant alternating volt¬ 

age is apphed. This method will be found very useful. 

pbnV^° dlfi i edl I 0lt : ammeter me thods can also be used to advantage If a 
choke coil is to be tested with a superimposed direct current The 
inductance L x is then computed from the voltage current ratio Efl of 

^drl^W^ ^ *<?' = in many cases the 

quadrature term RJ may be neglected. Figure 200 indicates such a 

o . By means of the shunt circuit with the auxiliary choke coil 
Lo, a direct-current meter I h a variable resistance R, and battery X 

+ w iu 6Ct CUrrent may be b F-Passed around the thermoS?^ 

*"—*<■ ww» ,. T ii skij t 

1 Weight, C. A., and F. T. Botoditch, Proc. I.R.E., 16, 373, 1928. 
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1. With switches S\ and S t open, the resistance R is varied until the meter h 
reads the desired direct current. 

2. The switch S, is closed, the voltage B t of the actual direct-current source is 
adjusted until the thermoelectric multirange meter I, again reads zero, while the 
reading of meter I < is still registering the desired direct current. 

II. The motor !■» is then changed to tv more sensitive scale in order to measure the 
much smaller normal alternating currents for which L„ is to be measured. 

4. The switch Si is closed and the alternating voltage E varied until the desired 
alternating current h passes through L m . The alternating-current voltmeter;J then 
measures v'tf 3 I SS E, since the potential drop e across the secondary of the Input 
transformer and duo to the direct current, h is negligibly small because the direct- 
current resistance of the inoondsiy is small. 


In this method the effective resistance of the /, meter must bo small. 
A more sensitive method is shown in Fig. 201. A sensitive tube volt¬ 
meter which is not affected by steady voltage's whose calibration need 
not be known in used, since the equal-deflection method is employed. 
The tube voltmeter is connected across a pure resistance of about 100, 
The thermoelectric-current meter / is connected across and the 






/ is obtained. The tube voltmeter will then give a deflection d. 




not be affected by the alternating component. The glider 8 on the input 
potentiometer i* moved until the same deflection d Is obtained again on 
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Hence if (1 - 2» 0; that i», the setting of condenser V. in equal 
to l/(2co 2 L z ), the current i« / — wCE and independent of t ho resistance U r . 
The unknown inductance L, is then computed from 


12,672 . 


if C is in microfarads and / in cycles per seoond. The eapaeitanoe ia 
therefore only half that required for resonance, which is another inherent 


L x — 3.52/C. Since for this condition it does not matter whether 





T . — 

F t q . 2 0 3 . — 
Iptoial switch for 
the pfoteetlon of tb# 
I moter. 


is zero or infinite, the current I must be the same for S open or dosed 


method is therefore particularly suitable if large choke coils (for battery 
eliminators, etc.) are to be tested. The voltage Et denotes the line volt¬ 
age of a 60-cycle current and E a suitable portion of it. A decade con¬ 
denser C with a variable-air condenser in parallel is used and C varied, 
until for open and closed switch 8 no permanent change occurs in 


f, * % mm# 


Fta, makk mquitm vm Silt# 

%,m mm$Am $*»* 


method, formula (27) does m assume that li m is negligibly small. When 
L *> den <>fc®» the ootl with an Iron core (Fig. 203), the effective indue- 


(about l-ma. fuU-swIs ileflectmn will, tlw m ...1. „• »j„ , ,t. 

68 K ,'" K contact. Kt is moved until direct-current balance is obtained. 

3. rhe douhlc-pol,. .Inubl.M l.rnw witch i, c.mn t ,ml 2 »r.d f v« 
until, for this connection with the switch optm. no permanent change in i »„»to 
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If a 60-cycle current, is used, the inductance L x in henries is 7.04/6 
if the constant-impedance setting occurs for C juf. This is exactly true 
only if both test coils are exactly alike. Figure 205 shows a modified 


constant-impedance method used by 
H. T. Lyman 1 of Yale University. 

1, The diroct-current compensation is 
m in Fig. 204 but the standard condenser 
C is now in series with the incoming line 
instead of across it. 

2. After the external direct-current 
balance is obtained, the double-pole 



Fiu. 206.—Modified conatant-impcdanc© 
method (Hi + ft* small). 


double-throw 8% switch is connected on 1 and 2 in order to connect the two test coils into 
the measuring circuit. 


S. The aingle-pole switch St is then connected to terminal 5 and the alternating 


current / of the thermoelectric meter noted. 


The resistances Ri and are practically equal and small so that 
(Ei + can be neglected in comparison with (wL„) a . The current I 
passes, then, practically through an external reactance o>L x /2, If the 
switch Si is connected to 6, the alternating current noted in the thermo¬ 
electric meter passes through reactance 1/uC and then through wL a /2; 
and if C is varied until the current I noted for each position of S is the 



only 0.00704 gf, while for L» ■* 10 henries a set ting of .0.0704 gf is required. 
‘ Pro*. LR.K., 16, 1IW7, Htt8. 



CHAPTER VIII 

DETERMINATION OF MUTUAL INDUCTANCE AND COUPLING 

The coefficient of mutual inductance is defined as M = «%/{<//,/<#), 
Therefore, it is the value of the induced voltage ea in a circuit when this 
current ii in a neighboring circuit changes at unit rate. The practical 
unit is the henry and a mutual inductance of 1 henry exists between two 
coils when 1 volt is induced across the terminals of one coil by a change 
of current of 1 amp/sec in the other coil. As in the case of self-ia- 
ductance, the millihenry (10 3 henry) and the microhenry (10 * henry) 
are more suitable subunits' when dealing with high-frequency eunvnt*, 
since the henry is altogether too large a unit for such work. The absolute 
umts in the e .s. and e.m. c.g.s. system are as for self-inducf ance. 

• ., e , abl , ^ a circuit to transfer voltage to a neighboring circuit or 
circuit branch can also be expressed by the coupling facte «. MM 
denotes the self-inductance of one branch, U that of the other, and M 
the mutual inductance between both, 

M 


* vm (1 > 

H the mutual inductance in one direction is 2f u and in the other direction 


*r4 


' Mu Mn 
il Li 


m 

Multiplying the right sides of (1) and (2) by 100, gives the coefficient 

'SS.'ZZt , Th f r t tion ■* w *!£*£*?* 

affected by “the seff caDacffan^e “JJ ° f a S1 ? gle °° il > the inductance is 
the electric nl ! ™ ?* mutua l inductance is affeotei by 

Irnnwri +k + v f 0 “ passm S between two circuit branches It i* 
known that a broadcast receiver will work to n fw+ 0 i« . * 8 * 1 * 

coupling connections Q , to a certain extent on one-point 

to one SSi thermoelectric indicator when connected 

effect, are d7 fo eh!a d ’f T m “ y produ ' e “ ™all deflection. All 1 lmao 

the magnetic lines 7 W InlrlSg 
nse to a huger or a smaller apparent U d “? "V *T 

that magnetic and electric line, of force effect, 
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so that no voltage at all is induced in the secondary. This can be made 
use of in shielding. Equation (28) on page 345 contains a mutual- 
inductance term which can be readily computed when the distance 
between centers of the coupling coil and the loop antenna, with the 
centers kept on a common axis, is large compared with the dimension of 
the loop antenna. 

119. Determination of Effective Mutual Inductance by Means of a 

Tube Voltmeter and Ammeter.—The quickest way of finding out whether a 
coil is completely shielded is by connecting a ^ 


sensitive tube voltmeter across its terminals 



714# 

wtthtkfkcfmd 


and observing whether or not a terminal 
voltage exists. Hence, if two coils Lj and LL 

as in Pig. 206, are coupled to each other, Flo . m-Voit-ammeter method 
the voltage terminals 3 and 4 are a measure for finding u. 

for the degree of coupling. The value of mutual inductance M is given by 
the relation E « wMI and computed from. 


M 


159.2*’ 

"77" 


(3) 


for E in volts, I in amperes, and / in kilocycles per second. A tube 
voltmeter, ns in Pig. 114, will do for measuring E. The calibration of 
the tube voltmeter is not required if the equal-deflection method is 
employed. The tube voltmeter is connected across terminals 3 and 4 
and the standard reeiataaoe R (decade box) is varied until a suitable 
deflection A is noted on the tube voltmeter for a oertain current I — h of 
the desired frequency / In kilocycles per second. The tube voltmeter is 
then connected across terminals 1 and 2 and R is varied to some value 
R - Bi ohms for which the same deflection d is secured and the thermo¬ 
electric-current meter reads a current I - 1%. Then wMh *» Rtft 
and M is computed from 

169.2 RiL% 

~77x. 


M 


(A) 


r 

*”****f p «j 

jfr 

f'f U 

... . • * . 


of 


In many circuits terminals 2 and 4 are common as far as 
the alternating-current flow is concerned. This happens 
in some filter circuits and when Interstage transformers' 
are used in amplifiers. The measuring circuit which 
must then be used in order to meet the actual working 
condition is us in Pig. 207. A single-pole double-throw 
switch 8 is first connected to 1, and h and the deflection 
d are noted. The switch is then connected on 2 and 
for a setting /£ ** Bi corresponding to a current It, the 
same deflection d is secured. 

The tulxKvoltmeter method can also be used to determine the cou¬ 
pling coefficient * wit h different kinds of coupling as in Fig. 208. The 


Km . a 07 
IMmuiimtioii 
M nf itifprirtftiK#* 
tiwaafamm tad 
e m r I a I ii fitter 
iwipting*. 
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transfer capacitance C m , for the effective mutual capacitances C' n = 

C C 

C'gi = C m and the effective circuit capacitance (7/ = ~ and 

0] ■+■ Cm 



C 2 Cm 
Cl + C m ’ 



(7) 


Therefore when the exciting current h flows with terminals 3 and 4 open 
and the voltage En ** Ii/{aC m ) — h/(uC'n) is measured across a, 1 
and the voltage E 1 = h/(coC /) across a and 2, and in a similar way for 
the exciting current 1 2 flowing into .terminals 3 and 4 with terminals 1 
and 2 open, the voltage E% — Ja/(oC 2 ') is measured across a and 4 and 
E n ** It/(o>C m ) = / 2 /(wC"si) across a and 5, the relation (5) again holds. 
For the resistance coupling R m for the effective values R'n and R'u 
of the forward and backward coupling, there is the condition R m = 
R' it ■» It'n and the formula for k is similar to that of Eq. (6) and is 



where R\ *» R\ ■+■ R m and R% = R-> -f Rm- For the exciting current Ji 
flowing with terminals 3 and 4 open, the voltage across a and 2 gives the 
reading E\ — /i{f£i + R m \ and across a and b the reading En * hR m ** 
I\R\% With terminals 1 and 2 open and la flowing through 3 and 4, 
across R m the voltage is En = I%R m “ ItR'n and across a and 4 the 
reading E% - (Rt + Rm)l% Inserting these results in (8) again gives 
the expression of Eq. (5). * : 

120. Differential Methods for the Determination of Effective Mutual 
Inductance and Coupling Factor. —The method of Fig. 209 requires four 
measurements. 


1. The inductance Li of the primary coil only is measured by the balance setting 
L,« of a standard variometer £>. 

2. In the same manner the secondary inductance 

Lt - £». to found. ■ 

3. Both coll* are connected in direct series, so that «_/ .PT 
the magnetic fields rtf the cods arc additive and the l\ 

effective inductance (In + Lt +• 2W) of this combi- X T~--J ™ 

nation is determined by the balance setting L, * L, 1 . y 

t , , . M& h frey au/rcf 

Both coils are connected into opposing Fig 209 .-Differential method, 
series so that, their magnetic fields work against 

each other and the setting L, t - h + L» - 2M is obtained for a balance. 
The effective mutual inductance M and the coupling factor < are 
computed from 


Wlnh 
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where k is in percentage. If no reliable variometer /., is available, t| le 
differential method described in See. 112 in oonneotion with big. 195 
is used and the various effective inductances arc measured by t he corre. 
sponding balance settings Ci, C», anti C< cm the variable condenser 
C,. According to formula (17), there is then for tin* desired high fits 
quency / in kilocycles per second, C. in microfarads, L in microhenries 
and K = 25345//* ’ 

L1 “ c \>“ gri + Lt + 2Af - gr; /„ + £* - 2.1/ - ^ 

and 



“ Cic,/ mimdienries * ' ' f / ; w f ,, 

where k is in percentage. Other different ial met heals using the reflect ii 
phenomenon are described in Sec. 122. 

121. The Constant-frequency and Constant-capacitance Methods. 


Bthod y capaciti 

in Fig. 5 

he measured resonance fro 

- - A/vr t i 

‘d h as above. Solving f< 
2,3, and 4, respectively, ai 
u_6836[/4»-/, 
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where k is in percentage, the fixed capacitance C is in microfarads, and the 
various frequencies are in kilocycles per second. The disadvantage of 
the constant-capacitance method is that the determination is carried on 
for different frequencies and M must be the same for this particular 
frequency range. Other equal-frequency and capacitance methods are 
also described at the end of the next section. These, however, use the 
reflection action. 

122. Determination of Mutual Inductance and Coupling Factor by 
Means of the Reflection Effects of the Secondary on the Primary Cir¬ 
cuit. -The theory of the air transformer (page 12) shows that the 
effective resistance Ri of the primary circuit is increased by an amount 
+ « s La*J if M denotes the mutual inductance between the 
primary coupling coil and the secondary coil of inductance L% and jR, the 


total effective resistance of the secondary. Hence, 
if is chosen large enough to make its square 
very large compared with («/,,)*, there is an 
increase The method is then as in Fig. 

211. In one branch of the differential system a 






M * microhenries (12) 

if / is in kilocycles per second and the resistances are measured in ohms. 
The simplified differential method of Fig. 195, which for resistance 
determination is described in Sec. 112, can also be used In finding thi 
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The simplified differential system of Fig. 195 can also be used in 
determining the coupling coefficient k by means of the reflection of the 
secondary inductance L 2 into the primary of the mutual inductance. The 
exact adjustment of the phase (by means of C a )is then most essential. 
The measurement is as follows: 

1. The mutual inductance M with the primary Li and the secondary L% is con¬ 
nected again in place of L x , R x and for open secondary the setting of C* is varied until 
for a setting C a = C i a decided minimum (resonance o>Li ** l/(co(7i)) is noted on the 
zero-current detector. The miniinum can be brought to absolute zero by adjusting 
R in order to balance out the effect of the effective resistance of the primary coil L% 
and again adjusting C a somewhat in order to obtain the best setting of value C h if 
cc/2ir de notes t he desired frequency / of the exciting current flowing to the circuit, 
f = k/\/CiLi' for k = 159.2 if the units are again in kilocycles per second, micro¬ 
farads, and microhenries. The effective primary inductance with the secondary open 
is then ® 


f6r ? K = 25345. 

2. The secondary of the mutual inductance is now short-circuited , for which the 
square of resistance of the secondary may be neglected in comparison with (*»£,*)* 
and, according to Eq. (26) in Sec. 4, the primary inductance L t with such assumptions 
will be decreased to a value Li Hence when the differential 

system is agam balanced, it is found from the new capacitance setting G* m Ca, which 
holds for «[bi - ^-J = that the same exciting frequency is satisfied by/ • 




and Li — 


1 1® obtained. Solving for L a , 


» PCxCM* 


Inserting the expressions for L t and U into Eq. (1), it will be found that the coupling 
factor can be computed from coupling 

1 . «8I; : 

iho/ ThiS meth0d may a « ain be ^lled an equaLfreqmncy 

for Sb >’ 

this case iaf =f 1 one has from Z bllance ’ ^ •"*“* for 

T - K 

Ll -um 

•«« i Sit? * —»■ 

, , T M * K ienc indicator. Ihis resonance condition satis lies 

the formula Li — —- ^ ^ ,, 

Li (CM) wiucl1 yields 

1 . W? - m 
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Inserting the values for I,, end L, into Eq. (1), tho formula 


where * is in percentage, in obtained, from which the coupling coefficient can bo 

computed. 

Instead of the differential system, a resonance circuit together with the 
calibrated tube generator of Fig. 20 can also be used for the equal-fre¬ 
quency j Kq. (13)| as well as for the equal-capacitance [Eq. (14)] method 
just described. The mutual inductance A 

M is then connected as in Fig. 212, and -J-^ g-^^ 

the measurement carried on in the same ^ 

way with the double-pole switch *8 open ** , * ma * r 
and then closed for the settings C, and C„ Fro * 212 - Determlnation of M ~ 
respectively, either when / is constant or for frequencies f x and /s when C 
is kept constant. The resonance is then observed by the grid dip or the 
dick noted in the phone of the loosely coupled generator and the factor k 
obtained from (13) and (14), resjxKstlvely. The frequency of the tube 
generator can la* rend off by its own calibration or by a loosely coupled 
frequency meter. 

123. Determination of the Coupling Factor by Means of Coupling 

Oscillations. ■ This method makes use of the fact that damped wave 


Dot.orminat.ion of M. 



to the theory referred to are f x ■/<i/\A + *> an ^ /* “ f*\/T — ic. 
The coefficient of coupling * la then computed from 


<t - 100 


when * is in percentage. 
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DETERMINATION OF EFFECTIVE RESISTANCE 





most materials in the normal range of temperature' is a t| mutiny 


length and the larger the cross section of the com 

i Hn. t I. .. „ If - .11 . • mat it m **. 


t of neighboring clrouita and that due to dWect 


current dissipates 1 erg of heat in 1 sec. For the customs) 

restawtti^ m a , W0 * itive i> te »Pf» t «re ooeSeimt. Thta means they 
rosiHtenc t with ths temperature, sin*., nmmlm* to thi>,-lH»«w«l fWv 
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range this unit is altogether too small, while the ohm is of suitable magni¬ 
tude, The relation is 


1 e.m. cm/sec * 10~® ohm (1) 

The international ohm is the resistance of a mercury column at 0° C, 
106,3 cm long, of mass 14,4521 g corresponding to a cross-sectional area 
of 1 mm*. For high-frequency work very high resistances are sometimes 
used or occur. This megohm (10* ohms) is then the customary unit. 
The corresponding " microscopic” unit, the microhm (10~* ohm) is not 
customary because of the great, difficulty which exists when resistance 
even as low as a large fraction (one-tenth of 1 ohm) are to be determined. 
The absolute unit in the e.s. c.g.a. system has the dimension of the recipro¬ 
cal of a velocity, since the ratio of the e.m.u. to the e.s.u. is equal to the 
square of the velocity of light. There is then the relation 

1 e.s. aec/om «* 9 X 10 u /ohms (2) 

Formulas (l) and (2) play a part when deriving expressions from dimen¬ 
sional quantities and taking readings where quantities are partially 
expressed in e.s.u. and partially in e.m.u. 

124. Notes on Formulas for High-frequency Resistance.- 1 — As far as 
computation formulas for the high-frequency resistance for even simple 
coils are concerned, reference is made to a paper by A. J. Palerno and !> 
W. Grover. 1 This paper also oontaina useful references to other workers 
in the field. It seems best, to determine high-frequency resistance by 

... a, .JL. __t_'ill.. ..._J -..Ll.L 1_1-1. 












2 1 



centimeters, p the resistivity in e.m.u. that is in 10 “ ohm/ctn®. For cop- 
per wire at room temperature p «■ 1000 cm */mm. The frequency / 
in the above formulas is expressed in cycle* per second. These formulas 
are derived for a simple periodic current. The her and bei fund ions and 


. | 118.000 24.830 41 4«0 : 7 m 

by which the direct-current resistance l{ uf a wire is to Is* inttltiplied in 
order to obtain the high-frequency resistance it For values of / > 20, 
the formula can be simplified and is 

H - * 10.26 + 0 . 3580 *] ( 4 ) 

for x - mV 8, if m < l, the approximation formula is 

R - *[1 + 0.338»d| ( 5 ) 


|j tw («)* 

fed (*) 

LOOOO 

o.oooo 

0,9990 

o.ooas 

0.0844 

0.2488 

0.9211 

o.,wti 

0,7517 

o.ms 

0.800® 

1.487 

-0.2214 

1.988 

— l. 104 

2.2K8 

2 .rm 

2.298 

—4.200 

1.888 

-6,230 

0.11« 

I **7,074 

-2.790 

I ~g.85S 

-7.838 

20 97 

—88.02 

138,8 

SO,87 

-2.970 

-2.082 

47*510 * 

118.000 
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According to J. Zenneck for 1.5 < m < 10, 

R « R u 10.277 + 0.997m] (6) 

and for very large values of m, 


R - R 0 0.25 + m + ~ . ( 7 ) 

n 

which practically leads to formula (4). An entirely empirical formula for 

straight conductors is 

R - RAh dVf + A*] (8) 

where, for dy/J > 30, k t » 0.033 and A- a * 0.5 if f is again in cycles per 
second and d in centimeters. The formulas given above hold for sinusoidal 
currents only. The high-frequency resistance Ra is slightly higher for 
damped sinusoids and increases with the logarithmio decrement S accord¬ 
ing to R* - R[ 1+ 0.07968 + 0.01273*]. The case of the high-fre¬ 
quency resistance of two parallel cylindrical conductors is more 
complicated, since the proximity effect must be taken into account. 
This effect is due to the mutual action of the magnetic field of one con¬ 
ductor in bringing an asymmetrical distribution of current density about 
the axis of the other. When one conductor is the return branch of the 
other (jMirallel-wire system), H. L. Curtis 1 treats it by means of an 
integral-equation method with the results applying to low frequencies 
only. 8. Butterworth* gives a solution which holds whether the currents 
flow in the same or opposite directions with respect to each other. The 
Maxwellian method is used for the solution and the formulas apply 
over the entire useful high-frequency range. There are also the solu¬ 
tions of J. B. Carson,* and C. Snow. 4 The formula by Snow for the 
parallel-wire system Is 


M - 



( 9 ) 



(resistivity p * 1600 e.m. c.g.s. units) one finds for d - 0.145 cm, a - 4.2 


r 2X 1600 
? 0.145 s 


440 e.m. c.g.s. units 


1 Rur, Stnndar.U, Sri. Paper 374, HKK), 

* Phil. Tram. 3. 2SS, 57, l«21. 

* Cammon, J. ft., PhU. Mag., 41, «W7, lttl. 
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for the two wires of l-cm length. The high-frequency resistance for unit 
length of both wires with the above dimensions then becomes. 

Wi-owii9 10 '' ollm 

if / is in cycles per second. 

For a certain frequency 1 range Litzendraht instead of solid wire is 
better for reducing the skin effect. By Litz is meant ideally twisted 
wires, each one having an enamel insulation. The different strands are 
braided again. It should not be confused with customary stranded wire 
which is stranded only for flexibility and has only an outside'insulation, 
the various thin wires within the cover being bare copper filaments. The 
frequency range for which such litz is of advantage depends, strictly 
speaking, upon the coil used, the number of strands braided together, the 
number of insulated wires within a strand, and the kind of twisting and 
braiding. Yery many individual insulated copper filaments are of 
advantage for frequencies below 600 kc/sec, while for frequencies higher 
than this more than 25 copper filaments give an unfavorable litz. Accord¬ 
ing to Rogowski, 2 a critical frequency f 0 exists above which with increasing 
frequency a solid wire of the same cross section gives again less high- 
frequency resistance. The value of f c can be computed from 


✓ - 1362 /lM 

/c (10) 

if / c is in kilocycles per second, d the diameter of the wire of the single 
copper filament in centimeters, Id the number of filaments in the litz, and 
at room temperature p = 60 for copper filaments. The quantity $ is 
computed from 


-4 


dVN 


if p denotes the pitch of the coil winding in centimeters. The value of p 
is always smaller than 0.89 and, for a winding in which adjacent turns 
more or less touch each other, it is practically 0.89. 

Example.—A litz with 81 copper filaments of 0.12-mm diameter and a pitch p - 
1.82 mm for the coil winding gives d = 0.012, P = 60, N - 81, and 0 - 0.52 and a 
critical frequency f c - 697.3 kc/sec, above which the litz exhibits a greater high- 
frequency resistance than a solid wire of the same cross section. The most favorable 
irequency / op t for which minimum resistance occurs can be found from 


jopt , .. 

d 2 fi &y/N 

which gives the above example/ opt = 167 kc/sec. 


4 Verhandl - deutsch - PhysikGes., 11 , 28, 682, 1908; Jahrb. d. drahtl., 

i 561, 1911, W. Uogowski, Arch. Elektrotech., 8, 269 1919 
2 Loc.cit. 
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For a straight piece of lit* the critical frequency //, above which with 
increasing frequency solid wire Iwicomes better again, is 

ft w 26 . 

d* P J/NK' (12) 

where K denotes the space factor of the litz, that is, the ratio of total 
copper cross section to the cross section of the litz. 

126. Notes on Low-frequency and Direct-current Measurements of 

Resistance.—To determine the quality of a coil, the ratio of high-fre¬ 
quency resistance to direct-current resistance must be considered. 
Values us high as 10 and even higher occur and it is then necessary to 
determine the high-frequency resistance It and the direct-current resist¬ 
ance It,, by measurement. The latter is conveniently done by use of the 
ordinary Wheat*one bridge. Since in many cases it is of interest to 
know the high-frequency t ime constant L/R of a coil in comparison with 
the low-frequency time constant L 0 /R 0 , the latter value is conveniently 
determined with a 1000-cycle current by the method shown in Fig. 193 
and described in See. 110. Both values L n R„ can then be computed from 
the bridge settings. For a useful high-frequency 
coil the 1000-cycle resistance R a does not differ 
appreciably from the direct-current value. 

126. Determination of High-frequency 
Resistance.- If the resistance is purely ohmic, 
the circuit of Fig. 50 can be used. The unknown 
resistance R f is than equal to the setting R, of the 
standard if no current is indicated by the aero- £ -auar-l 
current detector. The arrangement shown in ** ' 

Fig. 213 is of especial advantage if the resistance * 
of small inductance conductors la to be deter- 4 
mined, since then the resistance of the small p». aig 






tmtimU, ■ 


-Determine 

variometer is eliminated by the prooem of metis- wl™ 

uremeut and the calibration of the L settings arc pm millimeter length and 
dm mmeoeMary. The imi sample L m R m is H * m 

in on© bmnoh md the small variometer in the other branch of 
t he different ini transforms A slid© wire of suitable tmmitmm k(l § + l m ) 
k lined. The total length (4 + 4) is to millimeters and the constant k of 
the wire denotes the resistance per millimeter length. 

Th** duk wire m calibrated either with direct current* if thin ootmtantan or man- 
«»»«« win* \* ttwd, m by connecting it In one branch of the differentia! transformer 
by ahort«f»ir«*uittrig the terminals of the test sample and sliding the traveling contact 
S $ . up to pusitimi 8 h It* place of the standard a dwadiMrcttmtanoo box is used and 
it* Ottilia varied until balance is obtained. The setting of the Imx then gives the 
total highdroqufinoy resistance k(l, + 1») of the slide wire. The dorado ro iatancc 
mn?u dm) mn either coiwti.intnn or manganin wire, since the temperature coefficient is 
th«*n attmil for the temperature range in a laboratory. The decade boxes of the 
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General Radio Company are satisfactory up to about 1.6 Mc/boo with a probable 
error of not more than about 5 per cent, depending upon the magnitude of this leaiat- 
an.ce.. For resistances in 0.1-ohm steps, the accuracy is only a few per cent, since 
eyen for direct-current work it is difficult to obtain fractional ohm standards of lug i 
precision if the resistance is to bo variable. The well-known Ayrton-Perry mot hoc 
(p. 129) of winding resistances with a minimum of solf-inductanco ana Htdf-tuiimcifcance 
is used in such boxes for the normal resistance range (up to 1000M). Hinee sueh 
resistances are generally used for measurements in tuned circuits, the fmiummy error 
can be made even smaller. Commercial units in 1-ohm steps can then bo made with 
an error of less than 1 per cent even at frequencies as high as 1 Me/sec, and hm then 
5 per cent at 2 Mc/sec, while 100 units give errors which are less than 1 per cent at 
2 Mc/sec and less than 5 per cent for frequencies as high as 4 Mc/sec. If 100-ohm 
units are used, the error is again greater, giving the values for the 1-ohm unit, while 
the 0.1-ohm units have errors of less than 1 per cent at 500 ko/soo and less than 5 per 
cent at 1 kc/sec. 

The measurement is as follows: 

1. With the test sample of effective resistance lt x in one branch and the vari¬ 
ometer of resistance F a in the other, the small variometer L s is gradually increased until 
a decided minimum effect is noted in the aero-current detector. The sliding contact 
is then moved along the slide wire, until for a position absolute balance m obtained. 
For this setting (R x + kl x ) - (R* + &W, 

2. The terminals used to connect the test sample are shorb-cirouitctd with the 
sample removed and the variometer turned into its minimum position for which only 
a small residual inductance is left. The sliding contact is moved through a distance 
A l mm until for a position Sq the zero-current detector indicates a decided minimum, 
for which setting k[l x — AZ] = R„ + k[l a + A]], since R$ remains about the same for a 
small inductance. 

3. The high-frequency resistance of the test sample is them computed from 

R x « 2k AZ ohms (IS) 

If Rq denotes the direct-current resistance, R x — Rq gives the apparent incraa»o it* 
resistance. 

The simplified differential method of Fig. 195 uses a standard air 
condenser C a whose accurate calibration need not be known, since it is 
necessary to use only a O* range for which 
resonance with the test coil is possible. This 
method is reliable and works for the determination 
of resistance of straight conductors, and coils of 
almost any useful size. For very accurate work 
the more elaborate arrangement in Pig. 214 is 
suggested, and the secondary 8 of the differential 
transformer is tuned by condenser C% and a 
crystal rectifier k used with a block condenser C \>. 
For the preliminary adjustment a portable tube 
galvanometer is used to indicate balance, while 
for the final resistance adjustment the wall* 
galvanometer connection is employed. The 
portable table galvanometer may be a Weston Company student 


ootsrea 

juujJ 



Fig. 214.—Simplified 
differential method. 
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galvanometer with the zero at the middle of the scale and about 1.5 ma 
for the full-scale deflection. The measurement is then: 

1* ^he input coil is tuned to the desired fundamental frequency f by means of Ca. 

2. The condenser C a is varied until for a setting C s = Ci a decided minimum effect 
is noted on the table galvanometer. 

3. The secondary coil S of the differential transformer is tuned by means of Ci 
until a somewhat larger minimum deflection is again obtained. 

4. The dial of the decade-resistance box is turned until for a certain resistance R a 
a much better minimum deflection is noted. 

5. The condenser setting is slightly varied by tapping the handle of the variable- 
air condenser to either side until almost zero current is produced. 

6. The lower steps of the decade box are varied until the table galvanometer 
registers apparent absolute zero. 

7. The double-pole double-throw switch is connected toward a more sensitive wall 
galvanometer and C a as well as R s slightly varied until this galvanometer also indi¬ 
cates absolute zero. 

The setting of R a then measures directly the required high-frequency 
resistance R x . 

Figure 215 gives the well-known resistance- 
variation method used in the earlier days of 
radio by It. Lindemann, 1 C. Fischer, 2 and 
others. For a sinusoidal current flow I 
through a low-resistance thermoelectric 
indicator (about 1 U resistance), the method 
is as follows: 

1. The terminals 1 and 2 are short-circuited and C B is varied until a resonance cur¬ 
rent I = 1 1 is indicated. If Rh denotes the heater resistance, r that of the small cou¬ 
pling coil across which the voltage E is induced for the circuit resistance R c «. R x + 
R h + r, one has E = h R c * 

2. A standard resistance R 8 (in the neighborhood of R c ) is inserted across terminals 
1 and 2 and the reduced resonance current I = I 2 noted, for which condition E = 
Iz{Ro + R*)' The small standard resistance consists conveniently of a thin constantan 
wire of short length (about 5 cm long) which is sealed into a glass tube with sealing 
wax on each end of the tube, using thicker copper-wire terminals through the seals. 

3. The entire circuit resistance is then computed from 

R, = j—jR, 14) 

The small resistance r of the few coupling turns can usually be neglected; otherwise it 
is measured with one of the differential methods given before. The coil resistance 
R x is found by subtracting the known heater resistance Rh and r from R c - If in the 
above determination a variable standard R 8 is used and R a is adjusted until for a value 
R 8 =* R/, the original resonance current h is just reduced to / 2 = l\!% the setting 
RJ gives directly the circuit resistance R c . 

This method is useful for many commercial measurements of total 
circuit resistance but may be considered only as a good approximation 

1 Loc, ait, 

2 Ann, Physik. (4), 28, 57, 1909. 


Tube gtntr atar 




e s 

Fig. 215.—-Resistance-variation 
method. 
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procedure when coil resistances are determined, since it is assumed that 
there are no reflection effects between the actual measuring circuit 
and tube generator, and that E remains constant for two determination! 
which must be carried out at different times. With zero methods, the 
magnitude of E affects only the sensitivity, not the actual readings used, 
in the evaluation of the resistance as in the case of the resistance-variation 
method. The resistance-variation method also depends upon a very 
sharp resonance adjustment for two different circuit decrements, since 
in one case the total circuit resistance is R c and in the other R c + R s , 
The logarithmic decrement per cycle for the first measurement is 

* _ R° _ ' 

dl ~ 2fL ~ ISO 

and for the second measurement it is the much larger decrement §2 = 
r[R c + R s ]/(uL). In the first measurement (1 and 2 short-circuited) fol: 
any slight off position AC in the C s = Ci setting, the measured apparent 
resonance .current h is no longer exactly given by Ii = E/R a but |j 
somewhat out of phase with respect to the induced voltage E and equal 
to Ii = E/Z for 



is a factor smaller than unity as long as a detuning AC exists. The 
current which is actually observed is Iff = faE/R 0 and the percent¬ 
age error iji per cent by which the reading is too low is found from 
100 m - 1 1 )/1 1 as 

li = 100[1 fa]% (X7| 

For the second adjustment in the resistance-variation method, a resistance 
R 8 is inserted so that the total circuit resistance becomes R 0 + R 9 , 
This additional resistance increases the original logarithmic decrement 
8i per cycle to a value 8 2 — (R e + R a )/2fL if/is in cycles per second, L in 
henries, and the resistances in ft. It will produce the corresponding 
factor 



which is also less than unity but for one and the same detuning ratio 
AC/Ci larger than fa as can easily be seen from the approximation 
formula 


V ACV 
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since S 2 > Si. This approximation formula is not close enough to apply 
it for accurate work and (18) should be used for actual checks on the 
measurements. The actual reading J7 = E/(R C + 'R a ) is therefore 

u« = 100[1 - fo]% ■ (19) 

lower than the true resonance reading I 2 - E/{R C + R a ). . Both for¬ 
mulas for i)i and 132 , respectively, show that the errors in the two current 
readings decrease with increasing logarithmic decrements 5 for a cert ain 
detuning ratio AC/C\. The resultant error in the determination of R 0 
may be appreciable, since /3i and /S 2 are unlike and therefore also the 
percentage deviations of 171 and 1 ) 2 . Hence the measured total circuit 
resistance R e is not exactly as given in Eq. (14) but 


Ro 


U. R - 
r f/J-va — 


Pill 


~R a 


w - ir* ~ ihii- m 

The percentage error r; for both measurements, which shows how much 
the resistance RJ computed from the 2Y and 1 2 readings differs from the 
actual value li,-, then becomes 

•fit Ra _ 1 nr\ T P% Pi 


1)% “ 100- 


100/r 


Ra —%Il ~ P*h 

which, expressed in the actual measured current values h' and I 2 , gives 

lOOIi'lfo - Pi] 

|3i[Ii 7 ' - h'] 




( 20 ) 


If the percentage values in and 132 are used, 

lOOJYbi - 


V% 




(20a) 


[100 - dJ[// -17] 

That the error can become appreciable may be seen from the following 
example. Suppose the current I 2 with the standard added resistance R s 
is adjusted to a value R/, for which the apparent resonance reading U is 
exactly half the reading I/, when terminals 1 and 2 are short-circuited, 
formula* ( 20 ) then reduces to 

rfii ~ Pi 


200 ! 


Pi 

i):i] per cent. 


( 21 ) 


and ( 20 a) yields 200 [rji — i ) 2 ]/[100 

To test then accuracy, a standard resistance with the coupling turns (across which 
voltage E is induced, Fig. 216) and a loosely coupled thermoelectric microammeter 
(coupled to one turn only) was connected across the terminals for the test sample m 
Fig, 196, and the resistance of this circuit branch measured. It was found to be R, = 
14.6a The measurement was carried out of 500 kc/sec, and the efiective inductance 
of the coupling coil from the C, setting of 0.000487 4 was found to be L - 25345/ 
(500= x 487 X 10-* 8 ) - 208 gh - 208 X 10“« henry. The test circuit was closed as. 

in Fig. 215 except that the loosely coupled thermoelectric microammeter was used in 

order to make the two resonance settings such that the resistance reflected into the 
measuring circuit was small. The loosely coupled tube generator was excited with a 
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frequency / * 500 kc/sec and the measuring circuit tuned by mans of the setting C M 
The decrement per cycle of the closed circuit, according to tb© above k 

. fii * R/2fL - 14.6/(2 X 500 X 1G 3 X 208 X 10”*) - 0*0702. Suppo©e the origin*I 
resonance setting of 487 wd could be sat within 6 md of the exact mmnmm point, 
then AC/Ci *» 5/.4B7 ** 0.0102. Inserting this ratio and the value for I? in Eq. (16) 
gives {h *» 0.91. It required a standard resktancci of about 16.! ohms to reduce the 
original resonance current to half of its value. The logarithmic deemment $x*r cycle, 
with 15.1 ohms also acting, becomes h m (14,6 + 16.D/20S » 0441. Insert tug 
this result and the above value of AC/Cx into Eq. (18) yields fit * 0.976. Inserting 
the values for (h and fit in (21) gives vj 1 » 14.5 per cent error in the total eiretnt«nwk 
arice determination, From this example it can be seen that with the n»ktanee»vari* 
ation method it is very essential that a uharp resonance adjustment m made and that 

a condenser must be used which allows for a ©try 
accural® reading of the setting so that &C/C i 
becomes a very small quantity. 


Tu b« ftruntfar . 


FlgW, ~jj 


£ j[ IT" 




'■"*'-** _ % *• Instead of the low-reafatanee thermo- 

electric indicator in Pig, 215, a single-turn 
coupling coU as in Pig. 210 can bo used. 
It fa loosely coupled to another single-turn 
coupling turn connected to a sensitive 
thermocouple which affects a galvanometer. For a fixed coupling the 
respective resonance deflections d\ and da for the two determinations 
are proportional to the square of the’ respective currents; that is, 
<2i ■» kh 3 and da « M% % and (14) gives than 


Fxa. 216 ,"—Ileai 8 tftnac-vftriation 
method with coupled indicator. 


R, 


R. 


"W 

vs 


( 22 ) 


which, for the resonance deflection d» * 0,25dj with R» Inserted, given 
Rc - R,. In this circuit it is again essential that the mutual Inductance 
M is small so that the measuring circuit does not appreciably react back 
on the tube generator. As far as the back action of the hwswly coupled 
thermoelectric resonance indicator is concerned, the two readings without 
additional and with additional resistance R t am carried out first with 
coupling Mi which gives by means of Eq. (22), the total circuit resistance 



The two measurements are then carried on with a somewhat looser 
coupling corresponding to transfer inductance Af,' for which the resonance 
deflections d/ and da' are obtained, and the total circuit resistance 

becomes 



( 24 ) 
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The coupled thermoelectric-indicator circuit of effective impedance 
Z a = s/ltl* + (wLsP for a coupling M% reflects the resistance p *» 
into the heavily drawn measuring circuit. The true 
resistance lt e of the closed measuring circuit is increased by this amount 
and leads to 



(25) 


For a somewhat looser coupling corresponding to mutual inductance 
Mi, the reflected resistance is smaller and equal to p' — {uMi'YRz/Zy 
leading to 


n 



Rc + p' 


(26) 


The resonance currents which flow in the measuring circuit for the succes¬ 
sive adjustments are 


T E j r _ R ’ coupling Mi producing the respective 

l , ■< ana * *■ + 'p) resonance deflections d x and da 


/»' 


E 

(ST+7) 


and iY 


E 

WTW+7) 


coupling Mi' produces di' and da' 


Since the resonance deflections are proportional to the square of the 
current h passing through the heater of the thermoelectric indicator; 
that is, d - kh* and if i u t*, </, and i%' denote the values of the heater 
current h which cause the successive resonance deflections di, da, di, and 
da', for the general value I of the resonance current in the measuring 
circuit of effective total circuit resistance RJ, there is the relation I «*■ 
E/RJ and h - uMJ/Z n or /, « a Z a ) if stands for either 
Mi or Mi, The successive heater currents are then 


wMiE . uMiE 


But ^MxMUiZy - P and (<oMi') s -Ka/%* 
8 * Es/pflti and 8' ■» Es/p 1 /Its lead to 


uMi'E 

OTTT71 J 

, 8 K. 

p', in these expressions for 


9 [di,. 

um nrm Vi ,ts 


XTXT“p * 



0 ' 

i, +■ 


0 ' 

m he + 



From these relations, 



1 + R, 

(Rr + p) 



1 +R. 

WT7) 


which, when 
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used in (25) and (26), confirm that m « R„ + p and n ■= R f , + p‘> The 
values of p and p' could be computed if Mi, M\ , Rn, and Ln were known. 
This procedure, however, requires actual measurements of these quanti¬ 
ties and can be avoided by using the relation 

p' = np (88) 


where the value 




is found from the resonance deflections di and d/ for couplings Mi and 
Mi and no inserted resistance R». From the corresponding relations 
in (27) for ii and ii, 


%i 


4 


% 

k 


e EVJim. 


Re + 


m 


h 


4 


37 

I 


n 


and the expression 




p. From this it can be seen that p 


2 d7 

P \m/ di 

can also be computed from p «■ (nii)*/(mii)*, if the actual current* 
ii and tV are noted on the thermoelectric indicator instead of the deflec¬ 
tions di and 37. From (25) and (26) the relations m •* R e + p and 
n -> R e + pp lead to the formula 


P~-~™ (88) 

where m is the apparent circuit resistance computed from (25), which 
holds for the determination with the transfer inductance M% toward the 
thermoelectric indicator, and n is the apparent circuit resistance com¬ 
puted from (26) for the somewhat smaller transfer inductance Mt. 
The correct total circuit resistance is then computed from R e « m — p or 


n — mp 


(30) 


The resistance in this method can also be found graphically. 1 The 
apparent circuit resistance R f , + p for different Mi values toward the 

d 

coupled thermoelectric indicator is plotted against ^ [Ii r + p]*. A 


straight line is obtained whose intercept on the ordinate axis gives the 
average value of the true circuit resistance R„. The graphical solution of 

u 

Fig. 217 of H. Pauli 1 does not require that the coupling factor « «■ —/-L-s 

VI h * 

between the high-frequency supply circuit and measuring circuit be very 


1 Mojsmjsb, H. 0., Jahrb, d. drakll ,, 16 , 402, 1020; H. Pauu, Z. Phynk., 6, 870, 
1921; 6, 118, 1923. 
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loose. The coupling may come even close to the critical value (1 > > = 

8/ir) for 5 = (Rg + /f,)/(wL*) as long as it is possible to tune the measur¬ 
ing circuit. For practical reasons, however, it is not advisable to choose 
k too close to the critical value, since frequency jumps may occur if the 
source is a tube generator, as is usually the case. 



1. For the determination, a suitable coupling is chosen and the resonance current 
readings h and h for different values of the 
standard resistance R, are observed. 

2. The ratio h/h is plotted against R, 
and the coil resistance R x found by the 
intercept of the straight line with the R, axis_ 

For very accurate work the resist¬ 
ance of the thermoelectric meter h 
must be subtracted from the R x value Fl 0 2 j 7 
obtained graphically in order to obtain Graphical method 
the true coil resistance. The method * 0 ^. 8tetmin ^ 
shown in Fig. 218 depends upon the 
fact that for voltage resonance of both parallel branches E ■■ 

hR% and R, « hRt/ih — h)< 

There is a reactance-variation method also. The test coil of unknown 
resistance R» is connected in peries with a variable-air condenser C, and 
the circuit is closed through a low-resistance thermoelectric meter. A 
tube generator is again loosely coupled to the measuring ( circuit, which 
is at first tuned by a setting C« *■ CV for a resonance current 4 and 
then is somewhat detuned for a setting C. - Ci, giving the current read¬ 
ing Jo For the first adjustment, 4 - E/R, where R„ again denotes 
the total resistance of the measuring circuit (R 0 - R« + heater resistance 

E 

of the indicator). For the second adjustment, 4 - - 7 ^=—=^, for 


£ * i “ 0'' 

—, O-T—J 

frjjbtnctf 

Sourc* 

Fig. 218 ."— 
Double-reso¬ 
nance method 
for finding 

! [h ~ "« 


X - «L» - r-irt. Hence R, - - 7 2*==. In order to utilize the 
(wG 1) ’Vlr ~ h 

average value of the sharpness of resonance, that la, both sides of the 
resonance curve near resonance, the first measurement is carried on as 
above, giving the current 4 for the setting C r . Then a somewhat smaller 
current I is obtained for the respective condenser settings C 1 and C* on 
each side of the C, value, and the total circuit resistance obtained from 


Ct — Ci I P 
K °" *2uCiCs 

or from 

n C* - Ci /" T~ 
R ° m -SSBJTt ’VdT^h 


(31) 

(81a) 


if the corresponding deflections-of the thermoelectric indicator are used. 
By (housing C, and (h such that d - dr/2 or 1 4/1-41, the value of 
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the radicals in (31 and (31a) becomes unity. In thews formulas all 
quantities are in practical units, that is, in ohms and farads, and «/2 t is 
in cycles per second. 

High-frequency resistance can also be measured by means of thermic 
indicators as fully described in Sec. 33, by means of the thermal method 
(J. A. Fleming) and the calorimeter methods (Sec. 32), the last being the 
slowest but the most accurate method, since it is independent of wave 
shape. The circuit is shown in Fig. 219. Use is made of the fact that 



©ter for tht dttaraJ&aikm of 


the constant of proportionality, by which the square of the effective 
current through the test sample is to be multiplied, is equal to the energy 
dissipated in the test sample. The test sample of the effective resistance 
R x is inserted in one calorimeter and the heating current I in the other 
calorimeter varied until the galvanometer reads zero. The heat dis¬ 
sipated in the resistance It, whose magnitude need not be known, is then 
equal to that lost in R, and R, - El/I r. Fleming’s differential- 
thermometer method conveniently uses a red colored liquid a, b, c, as 
in Fig. 220, for an indicator. It is especially suitable when the effective 
resistance of straight wires and thin elongated coils is to Im determined. 
With R, in one glass tube and a heater resistance R In the other, the direct 
current I is adjusted until the air expansions in the differential air 
thermometer are balanced; that is, the indicating liquid stands m in 
the figure. The effective resistance is computed from the same formula 
as that obtained for the differential calorimeter above (which oan be used 
more conveniently for any size of test coil and is more accurate than the 
thermometer method). 

127. Substitution Methods.— The simple substitution method is 
based on two determinations. The test sample R m L, Is connected in 
the measuring circuit of Fig. 221 which is excited by a loosely coupled 
tube generator. The condenser C is varied until maximum deflection 
d is obtained. The variable standards L» and R are now connected in 
the oirduit instead of L m R m and the circuit is tuned by means of 
The setting of the variable resistance is varied until the same resonance 
deflection d as for the first determination is again secured. The unknown 
resistance is then R x « R + R„ If pure resistance* It, are to be deter- 
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mined, the variometer is dispensed with, but for the measurement of coil 
resistance the variometer L, plays an important part; otherwise the 
tuning, for the second determination, would have to be made again by a 
change of condenser setting. This would give a somewhat different value 
of condenser resistance. Large errors result then if for one resonance 
setting the condenser plates are almost turned out. Therefore the con- 



Fid, 221,“ lubuUiufckirt method, Pio. 222,—Sensitive substitution method 

utilizing reflection principle. 

denser setting C should be essentially the same for both determinations, 
especially if the coil resistance li„ is small. Figure 222 shows a more 
sensitive substitution method where the milliammeter I registers the grid 
current which is approximately proportional to the voltage amplitude 
of the high-frequency voltage across the grid and the filament. The 
measurement is then similar to the above, except that a certain decreased 
indication of J is noted when the teat coil R x , L x is in the measuring cir¬ 
cuit which is tuned by C . The test coil is replaced by L„ and R and L, 
are varied until about the same value of I is obtained. Hereafter R is 
adjusted until 1 reads exactly the same. The resistance then is computed 
from /£,*•& + R„ 

128. Notea on the Separation of the Various Resistance Components 

of a Coil.—The high-frequency resistance of a coil is generally higher than 
the direct-current value. The direct-current resistance would be pre¬ 
served If the current density remains the same over the entire cross 
section and for each cross section of the conductor for the high frequency. 
Because of the skin effect, the current density near the surface becomes 
greater and, if the frequency is high enough, for a substance of high 
conductivity the current flows practically along a thin surface skin only, 
while most of the cross section is useless. Therefore the resistance of 
the conductor is increased owing to this effect. When the coil exhibits 
a certain self-capacitance, the distributed condensers give rise to dielectric 
losses which are equivalent to another increase of resistance. If an iron 
cure is used for the coil, Iron losses due to hysteresis and eddy currents 
in the iron are produced, which account for a further increase in resist¬ 
ance. If neighboring circuits or shielding affect the coil, a certain 
resistance is reflected into the coil which accounts for another increase. 
An increase of resistance is also due to the e.m. Radiation effects. With 
ordinary coils these effect# are very small but with coil antennas they may 
begums appreciable. In many oases it is possible to compute t e 




278 


mail -FREQUENC Y MEASUREMENTS 

individual resistance contributions or to determine them by measurement. 
It is - always possible to determine the resultant resistance effect (by 
means of the methods just described) but sometimes difficulty arises 
if the resistance effect due to distributed coil capacitance is to be found. 
The resistance due to this varies over a very wide range indeed, up into 
the high ohmic range (if the coil is tested near its natural frequency). 
Coils working in the frequency range above natural coil resonance are of 
interest only for special work and it may be said that for normal conditions 
a good coil always works well below its natural frequency. As far as the 
direct-current component is concerned, it is a quantity which depends 
upon the material and dimensions of the conductor if a normal room- 
temperature range prevails and the conductor is not very thin (thin 
platinum wire changes its direct-current resistance appreciably if only a 
laboratory door is opened). If customary air coils are under considera¬ 
tion, the derivations in Sec. 3 show that, for a self-capacitance C« and a 
true inductance L of the coil, the effective resistance is 

R 

Re m (32 > 

where 

ft “ fta 4- (33) 

denotes the high-frequency resistance of the coil of the direct-current 
resistance JB 0 . The term ktf accounts for the increase due to skin effect. 
The useful range of a good coil is well below self-resonance and the 
effective coil resistance can then be computed from 

ftf m 11 or('u//p ~ ft[l + 2w s CoIr| (34) 

while for self-resonance of the coil 

1 L 

R *" " Coft (35) 

and the resistance may be in the megohm range. For frequencies above 
self-resonance, R e can practically be computed from 

R 

r . - os) 

since the coil acts like a negative reactance, that is, a condenser. From 
this expression it is evident that with increasing frequency the resist¬ 
ance approaches zero value and that it inay happen that the high-fre¬ 
quency resistance R, becomes smaller than the direct-current value R«. 
If the dielectric losses are also taken into consideration, there is obtained, 
according to Fig. 4 and the corresponding Eq. (11) of See. 8 if C„ is 
used instead of C, for the useful frequency range (well below resonance 
frequency) the high-frequency coil resistance 

ft 4- pw<<VL 4 

P. 


ft.' 


(37) 
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where p denotes a small resistance in series with a pure self-capacitance 
C 0 and accounts for the dielectric loss. The resistance R is then given 
again by Eq. (33) in order to account for the skin effect also. The term 
pw 4 C'o 2 i 2 in Eq. (37) is the characteristic factor which takes into con¬ 
sideration the increase of resistance due to dielectric losses. It is in 
reality proportional to the third power of the frequency / = w/27r so 
that (37) can be written in the form 


Ra + kif 4 - kif s 
' ‘[1 - c ?C 0 L}* 


(37 a) 


where the divisor (1 — w^Cy)) 2 shows that the coil capacitance C 0 also 
causes an increase of resistance in this range until self-resonance 
occurs. The third-power law can be proved in connection with the 
vector diagram of Fig. 223. The current 
through the pure capacitance Co, because of j « 
the fictitious loss resistance p, will not lead 10 
the applied voltage (which acts also across the « 
actual coil) by exactly 90 deg but by an angle « 
which is smaller by the amount 0 *» tan -1 - 
pwC 0 . Experiments show that pwC 0 is 

practically equal to a constant K which Flo . 2 2a.lLpht!al soiuto 
means that the dielectric resistance p must for the separation of the different 
vary inversely with the frequency / «* <a/2ir, roai8tanoe components, 
and p = K/(uC a ). The characteristic factor pw^Co 8 !/ 2 of Eq. (37) for 
the dielectric loss can then be written as 8?r 8 ZL s / s , which substantiates 
the cubic relation in (37a) and shows that h * Sir*KL 2 . The constants 
ki and fa can also be found experimentally by measuring R, with' any 
of the methods already described for two different frequencies fi and 
/* and solving for k L and fa, since R 0 is known from a direct-current 
measurement and the coil capacitance Co can be found by any of 
the methods described in Sec. 105. As far as the square law f 
in (33) and (37a) is concerned, the measurement alone oan bring 
out the law which should be used. The eddy-current losses in the 
conductor increase as the square of the frequency /, while the skin- 
effect losses are normally proportional to V?. Both of them are respon¬ 
sible for the term ft/ 2 mentioned above and one may become predominant 
for a oertain frequency range, while the other may predominate for 
another range. Hence, for the general case, any power between these 
limits is possible. In the practical formulas both effects are included. 
Thus if a conductor is used for which the radius r is very large compared 
with the penetration _of the current into the wire, there is a rcsiistance 
ratio R/R q = rr-\/j4cr which means that the increase of resistance is 
proportional to V?. This is the skin-effect law mentioned above. But 
if the penetration of the current into the conductor begins to play a part 
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in comparison with the radius r of the conductor, the curvature can no 
longer be neglected and, according to Riemann, 1 the resistance ratio 
becomes R/R 0 = 1 + ^rWV 2 / 2 and the effective resistance increases 
as f 2 . A graphical solution as in Fig. 223 is then possible for the separa¬ 
tion of the coil resistances. Double logarithmic paper is used to plot 
the high-frequency resistance R x ~~ Rq against the frequency. The 
experimental curve can then be represented by the equation [R x — i?o] =* 
faf m + faf 71 + faf p * • • , if the direct-current resistance R 0 has been 
subtracted from the measured R x values. By means of tangents at cer¬ 
tain points of the experimental curve it is possible to see what power is 
mostly effective at that frequency. The upper portion of the ( R x — Ro) 
curve proceeds essentially along the line with a slope giving the third 
power of /. This means that for the corresponding frequency range the 
dielectric losses of the coil play a predominating part. The dotted curve 
is obtained after subtracting this tangent corresponding to steepness 
tan -1 3. The remaining curve must therefore be essentially due to 
eddy-current and skin-effect losses. The other tangents show that 
there are frequency ranges for which a V?> & straight/, and an/ 2 law prevails. 
Hence up to 1000 kc/sec it is mostly the eddy-current losses that increase 
the resistance, and from 1000 to 2000 kc/sec the skin effect predominates, 
while for the uppermost portion dielectric losses are most significant. ; 

For the effect of the reflected resistance from neighboring circuits, 
reference is made to Sec. (4) and the derivation of Eq. (29) of Sec. 126. 
From these references it is evident that, for an effective coil inductance 

L X) an inductance L of the pick-up coil of an 
adjacent closed circuit of effective impedance 
2, and a mutual inductance M between L% 
and L, the resistance reflected into the L# 
branch is u 2 M 2 R/Z 2 if R denotes the total 
resistance of the adjacent circuit. 

129. Determination of the Increase of Coil 
Resistance Due to Iron Losses and Neighboring 
Circuits.—The less convenient but more reliable 
method of Fig. 224 with the differential 
calorimeter can be used. Two like coils, one 

Fm. 224 .-— Good but slow an( j 0 ther without an iron core are 

method for determining iron 

losses and effective coil connected in series, each coil located in a 
resistance. separate calorimeter. 

1. Before any current is switched on, the respective calorimetric liquids are 
brought -to exactly the same temperature noted by a zero deflection on the galva¬ 
nometer G. 

2. The high-frequency current of the desired magnitude Ji and frequency / is 
sent through both coils, after a while producing a certain steady deflection on G. 



Hifh FrcfSource 


i “Webers,” vol. 2, p. 518, 1929. 
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3. The direct current due to voltage E is varied until for some value I the galva¬ 
nometer deflection is again zero. 

4. The total iron loss of the coil is then }V » El « RJ i 2 . 

5. In place of the test coil with the iron core, insert the like coil from the other 
calorimeter, leaving in that calorimeter the compensating heater unit and the thermo¬ 
element only. Send the same high-frequency current h through the coil, with air 
or some other nonmagnetic core and adjust the heater current to some value V which 
is smaller than /, and for which the galvanometer again reads zero. The relation 
El' - R*h % is then the expression for the power dissipated in the coil without iron. 
The increase in resistance due to the iron losses is then 

R* — B,' ~ y~|7 — r] (38) 


The increase of the coil resistance when a neighboring current affects it 
is determined by means of the arrangement in Fig. 195. It consists of 
determining the resistance of the inductance when the neighboring circuit 
is not present. The standard condenser is varied until the zero-current 
detector indicates a decided minimum. The standard resistance in 
Ihe other branch is varied until, for a value R h an absolute balance is 
obtained. The neighboring circuit is now put in the desired position 
with respect to the coil and the processes of measurement repeated. 
Final zero balance is then obtained for a setting R<t of the standard 
resistance. The difference E a - R% is then the increase of the resistance 
due to the neighboring circuit. • 

130. Determination of Very High Resistances.—If the high resist¬ 
ance is'noninduotive, the circuit of Fig. 178 can be used if C* now denotes 
a variable-air condenser and R the unknown 
resistance. The measurement is exactly the 
same as described in Sec. 101 in connection 
with this figure and the unknown resistance R 
found from Eq. (17) of that section. 

Figure 225 gives a means of measuring very 
high leak resistances, such as insulators, etc. 

1. The deflection I of the indicator is noted when the switch 8 is open. 

2. The test sample is connected into the circuit and the deflection of the plate 
meter noted after a few minutes. 

If the sample has an appreciable conductivity, a smaller current h will 
be obtained, since the voltage of about E„ = -45 volts charges the grid 
negatively and decreases the plate current. For very good insulators 
only, a very small decrease in the plate current will be noted. The 
insulation resistance R» can be computed from 



Fig. 225.—Determination 
of insulator resistances. 


t 




ohms 


(39) 


6 ** E[ 1 ■— ( ®B»] 


where 
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A good condenser C in this case is connected across the grid and the 
filament. Its capacitance must be much larger than the interelectrode 
capacitance. The capacitance is expressed in farads and the voltages in 
volts. The voltage which is obtained after t sec can be read off from 





Fig. 226.—Oscil¬ 
lator for the deter¬ 
mination of R x . 


the grid-voltage plate-current characteristic of the 
tube. Another method which depends upon a similar 
formula is shown in Fig. 226. The unknown resistance 
R x acts as a grid leak and R x is determined by 
means of the relaxation oscillations which start 
and stop the high-frequency oscillations due to the 
tube circuit. The coupling between the grid and 
plate coils is chosen so that the two clicks for starting 
and stopping the high-frequency oscillations are heard 


as only one click. The variable grid voltage e a then rapidly charges the 


grid condenser C. There is then the relation 


t = CR* log. 


if Ei is that grid voltage for which high-frequency oscillations just start 
up again and Ei the grid voltage for which the oscillations just stop, t is 
the time in seconds during which discharges itself over R x ohms 

to a voltage E\. Since for a single click the entire time during consecu¬ 
tive clicks is equal to the discharge period, it is easy to read off the volt¬ 
ages at any instant of this period. The voltage 1? 3 is then noted at 
instant t n , and the voltage Ei at instant t i; and the unknown resistance 
R x is found from 

Rx = —-T.-L (40) 

Clog. | 


The last two methods are not high-frequency tests in the true sense. 

Figure 227 shows an arrangement where the resistance R* is again 
tested with high-frequency currents. Use is made of 
the fact (for details, Sec. 3) that a pure condenser C% 
with a high ohmic resistance R n in parallel can be 
substituted by another pure condenser C 2 with a 
low resistance R in series. Therefore it is possible 
to determine a very high resistance by means of a 
small resistance and vice versa , if the values of C\ ^ 227 Dif 

and C 2 as well as the frequency / are knbwn. A ferential method for 
resistance range from about 10 4 to 5 X 10 6 ohms, a hlgll “ 

can be readily covered with such a method. Two good 
air condensers Oi and C 2 and a variable resistance R (a short slide-wire 
resistance of constantan wire will do in many cases) are connected in the 
differential system of Fig, 227 as indicated, and the test resistance R„ 
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across Ci. The condensers Ci and C j are varied until the zero-current 
indicator shows a decided minimum indication. R is then varied until 
absolute balance is obtained and the unknown resistance computed from 


* “ c/ejeys 

where the capacitances are- in farads, the resistances in ohms, and the 
frequency w/2ir in cycles per second. Formula (41) is based on the final 
balance of the differential system which requires that the respective 
currents h and h have the same amplitude and the same phase. The 
phase for the upper branch is tan p, = « C\R X and of the lower branch is 
tan <p t = l/(c aCsR) and (41) is obtained from tan <pi — tan <p 2 . The 
measurement can also be carried out with the substitution method shown 
in Fig. 228 and with one and the same 

variable-air condenser C„ The first meas- g-C^-g. 

urement is carried on with switches Si and 
Si closed and C, is varied until for a setting <w '" y 

C, — Ci resonance deflection d is obtained. Fl0 ‘ 228 ~ _Sub8tltutlon mothod - 
Both switches are opened and R„ as well as C, is varied until for settings 
C» = 0^ and R„ — R the same resonance deflection d is again obtained. 
The unknown resistance is computed from (41) or from the approximation 
formula R x ~ 1/(w 2 C'i a .R), since in most cases Ci = Ci, because, according 
to Eqs. (5) and (0) of Sec. 3, the effective-series capacitance of Ci and R t 

f 1 1 

in multiple is C„ *» Ci 1 + and the effective-series resistance 

R„ of the equivalent-series circuit is RJ{ 1 + ^GGRJ). But c^CVtft* 2 is 
large compared with unity; hence C s « C,=.Ci and R = R„ 

1 /(o*Ci*R x ). 

The methods so far described do not take into account the phase 
angle of the unknown high resistance R x . However, it is known that 
even short leak resistances show capacitance effect at very high fre¬ 
quency, since the inductive effects are small compared with it. The 
phase angle will take either effect into consideration. The method of 
Fig. 227 can then be used again in order to account, for instance, for any 
self-capacitance C' n which is imagined in shunt with'/f* and produces the 
phase angle y>» for R x . The measurement is as described in connection 
with Fig. 227 and the unknown resistance R» and its self-capacitance Co 
are computed from 


~~E~ ’ 






and the phase angle <p x from 

ip x ** tan" 1 wCaR* deg 


( 43 ) 
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The frequency u/2ir is again in cycles per second. The factors A and B 
in the above formulas are 

<V« S 

WCfoATl 


A = 


1 


ZiiCW 


and B 


(44) 


where for most determinations B^u^Ci 1 , since uKWR* is generally 
negligibly small compared with unity. Since <p x is small, there is the 
approximation <p* =— coC a R x for Eq. (43). The proof for (42) and (43) 
according to Fig. 227, if C 0 is imagined in parallel with Ji x , is as follows: 

For the h branch 


tan <p\ « wRx[Ci 4* Co] and h 
and for the h branch 




+ »*[C 1 + Cop 


1 


tan <p% and 1% 




E a 


1 




Since for the final balance of the differential system <pi «■ <et] E\ m and Ii ■ h, 

wK«[Ci + Co] - (45) 


and 


B? 


+ «‘[Ci + Col* 


1 


fl a + 


(46) 


TZffif* 


Since only ft, C a, and R are known, R» and (ft + ft) » C» am the unknowns in 
(45) and (40), From (46), one has M»Gn » 1 /($€»«*) « A and 


From (46), 


A 

R» 


1 , , w*C, a „ 

h? + u C * m wcm “ B 


(47) 

(48) 


From (47) and (48), one obtains 
t +<a*A* 


B or R m 


v 


1 + « 8 .4 a 

¥~~ 



That mcuu,H the ^f-^pacitance C» - C» - C, - 
- Ci and tan ip x ** uCJS». 

Formulas (42) also hold for the substitution method shown in Fig. 228. 
All these methods described can also be used to measure plate resistance, 
rectifier resistance, insulator resistance, grid leaks, etc. The resistance 
of grid leaks, especially when used as plate resistors in high-efficiency 
voltage amplifiers, should be determined under the actual operating con- 
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tE: 

Flu. 220.—Deter¬ 
mination of grid-leak 
resistances. 


ditions. The measurement with a Wheatstone bridge is by no means 
satisfactory. The test is then carried out with the method of Fig. 229. 
A multirange meter of the Weston Company (30, 3, 0.3, and 0.03 ma) or 
its equivalent is conveniently used in series with a B battery of adjustable 
voltage E and the primary of an input transformer 
of a two-stage audio-frequency amplifier. The resist¬ 
ance of the primary, that of the battery, and that of 
the meter can be neglected in comparison with the 
high resistance in customary grid leaks. Such a 
voltage E is chosen in volts so that the current I is 
about the actual current for which the high resistance 
is to operate. If I is expressed in microamperes the ratio E/1 gives the 
resistance R x directly in megohms. The audio-frequency amplifier is 
used in order to test for any microphonicness of the leak. 

131. Determination of the Resistance of a Thermoelement.—The 
alternating-current bridge of Fig. 230 is used and for a balance the 
resistance is computed from R a = Ut/h, A direct-current measurement 
would require the compensation of the current generated by the 
thermoelement. 

132. Determination of the Effective Resistance 1 of a Circuit in Cur¬ 
rent Resonance,—-The procedure indicated in Fig. 231 measures the 
resonance resistance L/CR across terminals 1 and 2 in terms of the nega- 



Ftu. 230.—Detormi- 
nation of the resistance 
of a thermocouple* 



Fig. 231,—"'Determination of resistance 
L/CR for current resonance by means of 
negative reflletanoe. (&# » high-froquonoy 
ohokee and Co “ 0.5-pf'by~p&si condenser*.) 


tive resistance r„ of a vacuum tube in the dynatron or pliodynatron 
connection. A shield-grid tube can be used with great advantage, 
although for some resistance ranges an ordinary three-element tub© will 
do. Using a 222 type tube, for instance, the negative dynamic plate 
resistance which exists across the terminals of switch S can, for a filament 
current of 0.135 amp, a plate potential of about +46 volts, and a shield- 
grid potential of about +90 volts, be varied from about 15,000 to 10° 
ohms, if the bias of the control grid varies from zero to about —22.5 
volts. Choosing other shield-grid and plate potentials, the lower limit 


1 Methods of this type have boon developed in various laboratories. For pub¬ 
lications, reference is made to C. E. Worthen, Gen. Radio Experimenter, 4, May, 
1930; P. D. Zotter, Q.S.T., 14 , 39, 1930; H. Iinuma, Proc. T.R.E., 18 , 537, 1930. 
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may be extended to about 7000 ohms negative. For the measurement it 
is convenient to choose suitable plate and shield-grid voltages for a suit¬ 
able filament current (usually normal current). The negative resistance 
is then roughly varied by the traveling contact K and in small amounts 
by the contact k. It is then possible to determine the point for which 
dynatron oscillations just begin if the test circuit C, L, R is connected 
across the switch S, and for which condition the negative plate resistance 
r p just compensates the effective resonance resistance experienced across 
terminals 1 and 2. In Sec. 9 it is shown that with a good degree of 
approximation 

fp “ Q R 0 ^) 

where r p and R are in ohms, C in microfarads and L in microhenries. 
The frequency of the dynatron oscillations is then given approximately 
by / = 159.2 /-%/CL kc/sec. Hence, if r v is found by a separate measure¬ 
ment or from the dynatron characteristic by means of {E pl ~~ E P x)/ 
{I P i — I p z), that is, by the increment method, the resistance R can be 
computed from (49) if the high-frequency capacitance C is measured 
by one of the methods of Chap. VI, The determination is as follows: 


1. The switch S is connected against terminals 1 and 2 of the test sample, and with 
the aid of a near-by heterodyne generator (Mg. 20) it is observed whether dynatron 
oscillations exist. They are noticed by means pf a beat tone in the phones of the 
heterodyne if its fundamental frequency is close to the fundamental frequency of the 
dynatron oscillations. (Beat tones with respect to higher harmonics are also possible 
although much weaker.) If no dynatron oscillations exist, the grid bias of the 
control grid is made more negative by means of the slider K until oscillations set in, 

2. With the heterodyne far enough away so that no back action on the CL circuit 
is produced, the respective sliders K and finally k are moved toward lass negative 
control-grid potentials until the dynatron oscillations just break off, noted by the 
disappearance of the beat note; 

3. The slider k is then moved toward a more negative potential until oscillations 
begin again and the heterodyne is adjusted to zero beat in order to read of the fre¬ 
quency/ either by means of its own calibration or for more accurate work by means 
of the grid dip of a frequency meter coupled to the heterodyne. 

4. The slider k is again moved toward less negative grid potentials and until the 
dynatron oscillations just stop. 

5. The switch S is connected against the audio-frequency bridge with input termi¬ 
nals 3 and 4 and JU is varied until a sound minimum is noted. Next, the small 
condenser C i is varied until a better sound minimum is observed and then R * is set 
for final balance. Since r P acts in parallel with Hi and equal ratio arms exist for 

R r 

balance, one obtains from *. ” . «= the relation 

(«1 +Tp) 


r v 


Rx R, 

Wt - jRj 


(60) 


133. Notes on the Effective Resistance of a Condenser and Its Deter¬ 
mination.—This resistance is understood to be the small resistance R x 
which may be imagined in series with the pure capacitance C of a con- 
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denser to account for all of its losses. According to the considerations in 
Sec. 3 and the discussion in connection with Fig. 227, a very high resist¬ 
ance in parallel with the pure capacitance may also be used in accounting 
for the losses. The values for the pure capacitance for series and the 
parallel resistance are not exactly alike but are nearly so. It is the 
action of a high ohmic parallel-loss resistance and that of a low Beriea 
resistance which is utilized in the determination of condenser resistance. 
The series resistance !£*, also known as the equivalent resistance, if multi¬ 
plied by the capacitance admittance c oC, for many condensers prac¬ 
tically gives a constant value for the entire high-frequency range and is 
approximately equal to the low-frequency value of uCR x . The constancy 
of uCR, explains why it is so difficult accurately to determine the equiva¬ 
lent condenser resistance R x at a high frequency. As the frequency 
u /2 tt is increased, If# must decrease inversely with the first power of the 
frequency. Thus resistance values of a fraction of 1 ohm may occur for 
the upper high-frequency range. Even a high-loss condenser, for 
instance, using glass as a dielectric may, for a capacitance of 0.002 gf, 
have an equivalent resistance as low as 1 ohm at 600 kc/seo. The causeB 
of the equivalent resistance may be dielectric losses, surface leak¬ 
age, poor contacts, resistance of the leads and the conductive layers 
(plates in the case of air condensers). Losses 
due to mechanical vibrations are not likely to 
happen in the high-frequency range unless modu¬ 
lated currents occur. For a well-designed air 
condenser the equivalent resistance is small and 
more or less due to surface leakage, poor contact, 
and losses in the conductive layers. Therefore it 
oan be seen why it is so difficult to give much 
weight to the accuracy of a measurement of a very 
good air condenser. Surface leakage is a function 
of humidity, temperature, and other causes which , .. . , 

may take place in the average laboratory, oonden*«. (c, « c and a, 
and it is therefore necessary to take great care “ p for *>*!*»<»•) 
with precision air condensers and enclose them completely and in such 
a way that the enclosure acts as a screen without contributing variable 
losses. 

The method in Fig. 232 can be used for the determination of R„. 
The lower diagrams indicate the vector diagrams for the variable stand¬ 
ards and the test sample for balance. For simplicity, it is assumed that 
the effective value C, =• C is exactly equal to that of C*. The dotted 
resistance R is the imagined loss resistance acting in multiple with the 
pure capacitance C„ of the test sample, which may be a Leyden jar, 
as indicated, or any other condenser with losses. The losses of C, 
for all settings are negligibly small. The determination then exists in 
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varying C, until for some value C, - C a pronounced minimum effect is 
noted in the zero-current detector. The slider along the slide wire li, is 
then moved until for a setting R, — p final balance is obtained. The 
value p then denotes the equivalent resistance of the test sample. A 
similar determination can also be carried out with the simple substitution 
method shown in Fig. 233. The test condenser C„ is connected in the 
measuring circuit and O' is varied until a resonance deflection d\ occurs 
with the desired fundamental frequency of a loosely coupled tube genera¬ 
tor. C should be a Iow-Iosb condenser. The standard condenser C, 
with, the variable standard series resistance is connected into the circuit 
in place of C x , and C, and R, are varied until the same resonance deflection 
d is obtained. The setting of li, is equal to the equivalent-loss resistance 


*s 



Fig. 288.—Simplified substitution method. Flo. 284.—Reaistaneo-varktian method 

for determining equivalent eondanoer 
resistance. 

and the setting of C, equal to the true high-frequency capacitance. The 
resistance-variation method shown is a more complicated substitution 
method and was used at one time at the Bureau of Standards for the 
determination of equivalent-condenser resistance. 1 Again it makes the 
assumption that the resistance of the standard air condenser C# is negli¬ 
gible compared with the resistance of the test condenser to be determined. 
The method is then essentially as in Fig. 234. The total circuit resist¬ 
ance Bi is determined with the test condenser C# in the measuring circuit, 
and the total resistance Ii a when the standard condenser C# is in the circuit. 
The equivalent resistance of C 9 is then R\ ~ The details of the 
determination are as follows; 


1, Terminals 1 and 2 are short-circuited and 0® connected across terminals 8 and 
4. The setting of the variable-air condenser 0 is changed until the resonance deflec¬ 
tion di for the desired fundamental frequency of the loosely coupled tube generator 
is obtained. 

2. A short straight resistor (thin constantan wire sealed in a glass tube) of suitable 
known resistance R» is connected across terminals 1 and 2 and the reduced resonance 
deflection d% noted. The magnitude of R, is conveniently chosen in the neighborhood 
of the expected total circuit resistance. 


3. The total circuit resistance is computed from R j 



X 


4. The standard air condenser (h is connected across terminals 8 and 4 and 


terminals 1 and 2 are again short-circuited. The circuit is tuned by meant of 0# 
until a resonance deflection d# is noted. 


1 Bur, Standards, Cite, 74; ,T. H, DimuNaiE, Proc, LR,R ,, 7, 27, 1019; J, !;L 
Dbbunobe and J. L. Prbston, Bur, Standards , Set, Pappr 471, 1023, 
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5. The standard resistance R a is again connected across terminals 1 and 2 and the 
reduced resonance deflection cU is noted, 

6. The circuit resistance is computed from /fa » —-- and (R\ — RI) is 

4 ;-> 

the desired equivalent resistance of C,. 


The last method, although simple in operation, has the inherent 
disadvantage of the resistance-variation method already discussed in 
Sec. 126. The method is reliable only when the circuit is tuned sharply, 
when the standard resistance is accurately known, and when care is 
taken that the induced voltage in the measuring circuit is exactly the 
same with 1 and 2 short-circuited and R„ across these terminals and that 
there is no action of the measuring circuit on the tube generator. The 
simple substitution method of Fig. 233 and the differential method of 
Fig. 232 have the disadvantage that either the maximum-current or the 
zero-current, deflection, respectively, in the final and determining adjust¬ 
ment must correspond to a small resistance component which is in quad¬ 
rature to the reactive component 1/wC if the circuit is slightly off tune. 
The reactive component is large at high frequencies and any slight 
detuning may drown out altogether a slight difference in the resistance 
setting, since while making the adjustment the impedance (inoluding both 
quadrature components) plays a part. The resonance indicator d of 
Fig. 233 and the zero-balance indicator of Fig. 232 do not have a great 
resolving power for the small resistance component, although the method 
of Fig. 232, for proper circuit conditions, is more sensitive than that in 
Fig. 233. This difficulty can be avoided by using a method which, for the 
final resistance adjustment, can be made responsive only to the quad¬ 
rature resistance component. This is done in the differential method 
shown in Fig. 236, where the dis¬ 
appearance of the zero current is 
observed by means of a thermocross 
bridge or a vacuum-tube bridge 
(Sec. 40). The deflections d of 
this bridge are proportional to IJ 0 
cos where ^ is the phase angle 
between h and / B . Hence, if the Via, 235 . 
auxiliary current h is so chosen 
that it is ± 90 deg. out of phase with respect to the current 
I a coming from the secondary, no indications are possible, while for any 
other phase angles deflections occur and maxitnum response for V' * 0. 
Therefore it is only necessary to adjust the phase of J x by means of C and 
M in such a way that, for almost zero balance, very small variations in 
the R, setting are effectively indicated by d. For such a sensitive adjust¬ 
ment, the component of I n which is due to a change of R, has a phase 
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angle of zero with respect to Ji, while any unbalancing due to a slight 
incorrect setting of C a does not affect the indicator. 

[Reference is made to the vector diagram of Fig. 286 for details. The phase of 
the current h depends upop how much the adjustment of C, deviates from the true 
balance setting and how much the resistance balance li* is mot. AB denotes the 
watt component and AC the wattless quadrature component of current J Q . The 
wattless component is produced by an off setting of (h and therefore for high-frequency 
work is always very large compared with AB which is produced by the off setting of 
R a , The hypotenuse BC then gives the actual phase and magnitude of h* Hence, if 
the resistance balance R t only is correct and the setting C* somewhat off, the wattless 
component is either longer or shorter by the piece AA\ and BE' denotes the current 
difference caused in Jo. For such measurements it m nearly equal to A A*. But if 
C a is exactly adjusted and the Rm setting somewhat off, the vector triangle AB'C is 
obtained instead of the balance triangle ABC and BIT is the variation in J* The 
variation BIT is therefore practically 90 deg. out of phase with respect to the variation 
AA* for the incorrect R* setting, and it is possible by means of the indicator bridge 
of Fig. 238 to balance very small equivalent-condenser resistances. 

134. Note on Ground, Radiation and Aerial Resistance and Their 
Determination;— The determination of ground resistance is not an easy 
matter, since the frequency determines to what extent ground acts as a 
conductor and to what extent as a condenser. The conductivity cr and 
the dielectric constant of k vary through a wide range aa can be seen from 
Table X, taken from recent measurements. 1 That both quantities play a 
part can be seen from the formula 


Table X 


/, cycles/soo 

10"' 14 c.m.u. <r 

23 

8.61 

47 

8.86 

100 

4.29 

435 

4.6 

870 

4.7 

1,740 

4.78 

3,480 

4,76 

6,960 

4.74 

18,920 

4.78 

8.1 X ID 4 

4,82 

1.5 X 10* 

4.80 

2.5 X 10 s 

4.9 

5 X 10* * 

4.9 


- n 2 - k ~~ jl8 X 10 17 7 « k - j 18 X ^ (51) 

J J P 

for the index of refraction n from air toward ground if / is in kilocycles per 
second, the dielectric constant k expressed in e.s., <r in e.m. c.g.s. units, and 
p the resistivity per centimeter cube, k and <r are the values for ground 

i Strutt, M. J. 0., E.N.T., 10, 3S7, 1980. 
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and k„ denotes the complex dielectric constant of ground, k* plays the 
same part with respect to the conducting medium as k for a nonconduetive 
medium. The index of refraction is used because the ground is of most 
importance as far as direct-wave propagation is concerned. The radia¬ 
tion resistance of an aerial, as well as the energy lost in the ground, 
depends upon n*. A general statement that the ground acts toward 
electromagnetic waves as an insulator (very high resistance) is not correct. 
Also the general statement that it behaves as a good reflector (mirror) 
is true only for a certain frequency band. For ground which acts as a 
good semiconductor, the radiation resistance may be computed by 
assuming that the ground is almost a perfect reflector for frequencies 
below 300 kc/sec, since, for instance, for a - 5 X 10 14 ; k = 10, and 
/ = 100 kc/sec, one finds n -* oo. Above 300 kc/sec and dry ground, 
the ground can no longer be considered a good reflector. Hence, if the 
radiation resistance were calculated for the ground as a good mirror 
toward electromagnetic waves (as a fairly good conductor), for a high- 
frequency current of 3 Mc/aec flowing into a tuned horizontal antenna 10 
m long and 10 m above ground, the radiation resistance would be about 
3 ohms, while for values of k * 4 and <s » 10~ u it would come out higher 
than 30 ohms. For frequencies above 20 Mc/sec, the ground begins to 
act as a condenser. Hence both quantities a and « must be taken into 
account, especially when wave propagation along the ground surface is of 
interest. For perfect ground there would bo the simple law that the field 
strength of the wave decreases inversely with the distance, while actually 
the field intensity of the ground wave for distances which are not too close 
to the sender is inversely proportional as the square of the distance. 

One can distinguish between direct and indirect methods for the deter¬ 
mination of cr. The former use either two parallel plates with the ground 
as a resistance material or a parallel system (Lecher wires). The indirect 
methods determine <r and k indirectly and the forward tilt of the wave 
front with respect to the normal to ground can be used for the deter¬ 
mination. The simple parallel-plate method can be used only for the 
lower high-frequency range (up to about 300 kc/sec), the upper limit 
being set by the capacity effect of the ground. The first term of Eq. (61) 
represents the displacement and the second the conduction term. The 
parallel-plate method can also be used only to measure ground resistance 
when the first term is comparatively small Hence, if very dry ground of 
low value for a is to be tested, the upper-frequency limit may be only as 
high as 200 kc/sec. The method is then as in Fig. 230 where E denotes 
a tube voltmeter and I a thermoelectric-meter reading up to about 26 
ma. If the dimensions of the volume of ground between the parallel 
plates are known, the conductivity and its reciprocal, the resistivity p 
in ohms per centimeter cube, can be found from the E and 1 
readings. 
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With respect to the measurement at higher frequencies where the 
dielectric constant k also enters, reference is first made to Fig. 237 where 
the space below the XY plane denotes the ground and the space above it 
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Fia, 236.—Determination of 
ground resistance. 



ordinary atmospnere <,air). A plane e.m. wave moves in the X direction 
producing the tilt r in the electric-field vector 8, while the magnetic vector 
is parallel with the F-axis. Far the direct surface wave, 


— 8 * _ 1 

8, * sin 90^/X 



» tan r 


(52) 


since the direct wave sweeps along the ground and the angle of incidence 
is 90 deg and there can be no reflected wave from the ground. The 
measured angle r is the apparent forward tilt, since a time phase $ exists 
between the horizontal component S* and - the vertical component 8, 
of the resultant field vector 8. Substituting the value for the apparent 
dielectric constant k„ from (51) in ('52), for 8 m 18 X IQ* 

1 k . 8 

■tan 2 r = Trrjg " ; r q rgs + i^rqrgi “ A + J B 


for A « x/(« 2 + 8*) and B - 8/(ft* + 8 s ). But A +jB - ##« S /J r + B % 
for 26 - tan- 1 ( B/A ) - tan - 1 (S/k) and 

tan r + ii 2 » tan r 0 (53) 

where r 0 denotes the forward tilt which would exist if 6 - 0 and 8* and 8, 
had the same time phase which is generally not at all the case. Then 


where 


tan r 


f 'rwm xw~ 

V'k \ t+WW x lo*)? 


(54) 


a a k -t ,ri8 X 10*1 ... , 

6 - 0.5 tan" 1 (54a) 

where p is the resistivity of ground in ohms per centimeter cube, k the 
dielectrio constant of ground giving its numerical value with respect to 
that of air which is the conventional unity, and/is in kilocycles per second. 
From (53) It can be seen that the apparent tilt r is smaller than the angle 
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r 0 for no time-phase displacement, 
wave-tilt formula of J. Zenneck. 1 


T he expression of (54) confirms the 


';r i™ 1,8 ,o “ J by — - * h » 


trui mi 
ai* * IF 


above ground in air 


i a*u 

3 IF 

A, f m £ &!lg . 4r cWq _ _ 

IF c* til a ’ p " IF K ’ ow surface of ground 

L 


(55) 


Bino V Ur r 4 7; " u ’ * }’ Rnd tojp ground as expressed in the second 
equation. //, denotes the magnetic-field vector to ground and 7/ to air, and the above 

relations are the outcome of ^ and = 4% for air, and = 


*-* \ cw/ c* dt 7 — cte 

k j 4r ** aru i / dHA k $€«>, 4tt „ 

_ _ + —**, + “S», for ground. The solutions for (55) 

are then the same its for the well-known telegraph equation and are IIi = JJ„ t « an d 


II, - fW fora - -pi - p,* + jut and 6 - -p* + pj* + i«f giving g„ = ~ Vl H 
/ 0# 

and S, - Tjp/f and tan r - 8,/S. « pi//> a . This solution has the advantage of giving 

expressions for the damping for each centimeter length along ground to the direction X 
of propagation, for the damping along the positive Z direction, that is, upward in the 
ground, and for the damping in the negative Z direction, that is, along the depth. The 
case for damping along each centimeter of depth is most important when underground 
communication ia of concern. The general case in all three directions is solved in 
Breutig’s book. 8 It is shown for instance, that for a 160-ko wave sweeping over ocean 
water, for * » 80 and a « 10~‘» for the conductivity there is a space damping of 1.475 
X 10"“ for each, centimeter length along the ocean water, which is considerably less 
damping than would be experienced along a copper wire or any commercial overhead 
line. For the damping component to the water upward a value of 7.02 X 10~ B per 
centimeter length ia obtained. It compares with a decay along a thin telephone 
lino. For the decay along the depth direction 7.93 X 10~ 3 is obtained for each 
centimeter depth so that in about 3-m depth the amplitude is only one-tenth for that 
at the surface. When the 180-ke wave swoops along dry ground k — 4 and a = lO -16 , 
one finds p « 32.9 X j»i «■ 9.48 X 10~°e—»‘ 67C ; and p a = 114 X 10~V 5S °, 

The damping along the ground is then of the order as found for telephone currents 
which flow along a cable. 

Since the horiaontal and vortical components of 8 have a phase difference of 0, 
a rotating electric field is produced and, for the amplitudes g» and g„ there are the 
relation* &, sto £1 and sin (0 + 0) if 0 » 2?r ft. The resulting field has the instan¬ 
taneous value 

S< - VS.‘ «K* 0 + 8«* sin* (fl -M) - 

V«7 t- 8, r ~ BOB M(s? + 8«* oos 20)'+ sin 2 fig* 8 sin 20] 

and during mmh oyole a maximum and a minimum value occurs for 2 0 ~ tan**" 1 
[(“*8*® iiu 20)/(g* t + S* f 008- 20)1, For the above 159.2-kc wave sweeping over dry 

1 Ann , Phydkf 23, 846, 1907, Buck a formula was also used by A. Bailey, S. W. 
Dean, and W. T. Wmfringimm, Proc . /.JfiL®., 16, 1645, 1928, for the finding of ground 
resistance by mmam of wave antennas in the lower high-frequency range. 

a Buisiici, F»» <r Thooretiieh® Telegraph!©,” F, Vieweg & Bohn, Braunschweig, 
1924, pp. 482-487, 
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ground k «• 4 and <r - 10” 1 *, t.hsre* are obtained tin* ratio numbers f* - 32,8 and 
S„ » 9,37 and B - 37.7° from which tlm maximum value g occur* for U - 87,8 s with 
a value 83.6 if the same* arbitrary scale ia uaml m for g, and g», The apparent tiltf 
is then about 77 dog. 

For the actual measurement and the determination of p, according to 
(53), one must distinguish between the forward til) r ns found by mmxure- 
ment and the tilt n for 0-0, since for the actual case for a time displace¬ 
ment 0 the angle r of the forward tilt of the major axis of (he ellipse traced 
by the electric vector is less than the absolute magnitude of tip* ratio of 
the horizontal and vertical components 6, and 8, of g. From the tanr 0 
value of (53) and (54a), there are the formulas 


p 


18 X 10" tan 8 rn 
f \/l — tan 4 ro 


and 0 » 0.5 cos 1 [* tan 8 r«] (56) 


/ in kilocycles per second, p in ohms per centimeter cube, * numeric. 

Therefore the procedure for the finding of ground resistance depends 
upon the measurement of the apparent angle r of the forward tilt. This 
can be done conveniently by means of a Hertuian rod which may bo 
rotated anywhere in space about its mid-point. The rod is rotated about 
a horizontal axis which is perpendicular to the direction of wave propaga* 
tion and located a few miles away from a sender. If the rod in turned 
until the received energy gives a maximum rt*s{K»ime, it will la* along the 
resultant 8 vector (large axis of ellipse). However, it ia more convenient to 
turn the rod through 90 dog from this position, that is, into a direction for, 
which minimum effect (only minimum since elliptieaily polarized) is noted 
in the receiver. The angle which the rod then makes with the horiwntal 
is the apparent forward tilt r with respect to the normal to ground. From 
r must be found first the corresponding angle r# which would hold for 
0-0, that is, for equal time plmao for 8* and P.„ ami the specific reslstivv 
ity p is computed from Eq, (56). To find r„ a value for * must be assumed 
which varies from 2 to 15 for ground, the values above 6 referring to wet 
ground, and up to 80 for ocean water. Having selected a value for 
«, a value for r 0 must bo chosen so that (53) is satisfied. This means a 
value of ro must be used for which # tan r.« is equal to the tangent of the 
measured forward tilt, This is convenient ly done graphically by means 
of plots of «» against r 0 for certain fixed values of k, my for * » 2, 5,10, 
15, and 80. On the same curve sheet tan r# is plotted. It is then neew- 
sary to pick out points on the # and tan r« curves for which the multipli¬ 
cation of their ordinates satisfies tan r. The computations for many 
cases can be greatly simplified by realizing that, «r is often small compared 
with the; term in (51), especially when the frequency/, which is in kilo¬ 
cycles per second in that formula, and the resistivily p are not too high. 
In many cases where the second term in (51) is prominent, there is in the 
formula for 0 in (56) a value for n tan 8 r B which is nearly zero, making 
cos 20 s 0 or 0 — 45°. Plotting 0 against r,, for certain fixed values of 
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k say 2, 5, 10, 15, and 80, it will be found that for angles r 0 £» 2.5°, the 
value of 0 does not, fall much below 45 deg if ground (land) resistance is 
concerned {R — 2 to 15). If the square of the j term in Eq. (51) is large 
compared with k 8 , condition for 6 s 45° is satisfied, for which ^ 

cos 45 + j sin 45 = (1 +j)/V 2. From (53), tan t = -s/J} + B 2 = 

V| and tan 3 r - 0.5 B = S But 5 = 18 X and the 

resistivity p of the ground in ohms per centimeter cube can then be 
computed from the simplified formula 


36 X 10* tan 2 r 


ohms/cm 3 


if the frequency is again in kilocycles per second. The simplified formula 
shows also that the wave tilt is proportional to the square-root value of 
the ground resistance as well as to the 
square root of the frequency. 

As far as the measurement goeB, care- 
must be taken that no indirect sky wave 
is superimposed on the direct ground wave. 

It can be avoided, for instance, up to and y m . 238.—Determination of 
into the broadcast range and even for »°und ^ 

higher frequencies by taking the readings diameter of -wires d = 0.15 cm.; 
during the hours of daylight for which parallel-wire system 

no reflections from the ionized layer can _ . 

exist. For very high frequencies for which indirect-ray transmission 
is partially possible, the forward tilt is to be measured closer to the 



transmitting station. . , , 

The parallel-wire method of Fig. 238 in its simplest form consists of 
two parallel copper wires buried about 30 cm deep into the ground to be 
tested. The distance between oenters of the wires is « m and the 
diameter of the wire d cm. Without the input circuit (C, L ) and the 
current indicators (/i and h), the input terminals A and B are connected 
across the test terminals X, X of the circuit shown m Fig. 50 and the 
settings of the variable standard (mainly a decade box) changed until a 
balance is obtained. The setting R ohms of the decade box then meas¬ 
ures the effective resistance of the double line of length l cm experienced 
at the input terminals A and B. For this measurement the ground con¬ 
nection at the mid-point of the differential transformer is 
the capacity current across the two wires is neglected, the conductivity 
of the ground in e.m.u. per centimeter cube can be found, from <r 

4000/j / 2a V where log, « 2.303 log 10 and/is in kilocycles per second. 


Since the resistivity is l/<r, 1/c r must be divided by 10° in order to obtain 
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the resistivity in ohms per centimeter cube. The specific resistance p per 

centimeter cube is then computed from 

1085 X 10" 18 J8 a , roN 

p _ ( 58 ) 

If the resistance-variation method is employed to determine the effective 
input resistance, the input circuit (C, L ) is connected across terminals 
A and B and a thermoelectric indicator h inserted as shown in Fig. 238. 
The circuit is tuned, giving the reading h - h- Then a known standard 
resistance B , is inserted and the reduced resonance current /j ■* // 

noted and the circuit resistance R 0 found from The resistance 

R h of the thermoelectric indicator and that of the coupling coil R t is 
subtracted from R c to obtain R. The resistance (Rk + Ri) can be deter¬ 
mined with the same method by short-circuiting the A B terminals and 
connecting the indicator h into the CL branch. 

For high-frequency currents traveling along a parallel-wire sys¬ 
tem buried in the ground as.indicated in Fig. 238, practically only a 
wave train h<r nl will be traveling toward the open end, since the ground 
losses are so pronounced that practically zero line current is produced at 
places before the open end is reached. There can be no appreciable 
reflected wave train traveling back toward the source. One can then use 
the line equations E t » Ei<s~ nl and h « where E t and h denote 
the current and voltage at the input side of the parallel-wire system 
and the propagation constant n is 

n = — ■ f ^'TW+TTxTPOT 

X\ 2 

if the wave length X is in centimeters, the dielectric constant k of the 
ground again the ordinary numerical value, and the resistivity p in elec¬ 
tromagnetic centimeters per second units per centimeter cube of the 
ground. This formula was originally derived by M. Abraham 1 for such 
work. If the frequency is introduced in kilocycles per second, and the 
resistivity is expressed in ohms per centimeter cube, the formula 



is obtained. If the effect of the dielectric constant k is negligibly small 
compared with the effect due to the ground resistance, the above formula 
reduces to 

n & 2tt X lO-tyJj (60) 

1 Abraham, M., H, Eaxtsch v . TRAtmBNBima, and J, PtmoH, Phymk, 20, 145, 
1919, Such a method was also employed by tVL <1. 0. Strutt, km. dL 
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For very high frequencies for which k plays the most prominent part, 1 
n approaches zero value, and theoretically no ground ^attenuation takes 
place. The capacitance of the ground, so to speak, then by-passes the 
loss resistance. If now, as in Fig. 238, another current indicator J 2 is 
placed a distance l cm away from the input side A and B, its reading is 
/, = h(- nl , and, if the currents are measured with low ohmic indicators 
or the corresponding voltages Ji\ and E 2 are noted with a suitable tube 
voltmeter, there is for the ratio value p = h/h = E 2 /E t 

_h>g« p _ 2.303 logio p ftn ^ 

n - 1 .. 1 -- (61) 


where l is in centimeters. From this relation p and k can be found. Hence, 
if the effect of k is very small, there is, by means of (60) and (61), the 
formula 


4 r 2 X 1Q~ 6 Z 2 / 

~ [fog. W" 


( 62 ) 


with / in kilocycles per second and p either the voltage or the current ratio 
of the values measured at a distance l cm from the input end and at the input, 
respectively. If a distance l =■ 1/n is chosen, then e~ nl = 1/2.718 
and the measured current or voltage at distance 1/n cm is 0.368 times the 
value measured at the input side. It is not practical to move the measr 
uring meter for noting E% or h, respectively, along the line, since it is 
buried in ground and requires an opening toward the surface of the 
ground to make the observation. But from a preliminary measurement 
the approximate distance can be located and the frequency / is then 
varied until the reading of the meter at the approximate distance l is 
only 0.368Jt or 0.368®!, respectively. The specific resistance is then 
computed from 

P - 4tt" X 10~T*/ (63) 

since log. p - 1. If, however, the first term of (61) is not negligible with 
respect to the j term including p, Eq. (69) must be used, for which a suit¬ 
able value of k is to be assumed in order to find p from. (59) and (61). 

Reference is mad© to Chap. XV where methods are given for deter¬ 
mining the total aerial resistance. It can be seen from the beginning of 
that chapter that the current distribution along the aerial wire must 
be taken into account. With respect to radiation or useful aerial 
resistance, reference is made to page 398. It must be remembered that 
Eq. (51) gives a means of finding to what extent the ground affects this 
resistance and to what extent the ground acts as a reflector. The total 
aerial resistance which is measured with methods given in Chap. XV 

i At, about 20 Mc/wc, the. displacement component of average ground is of about 
the order of the conduction component. Hence, for frequency much above 20 Mo, 
k plays only a part, 
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consists essentially of three portions, of which the useful component 
the radiation resistance, is in many cases proportional to tho square of the 
• frequency. The second component R s includes the effective resistance of 
the aerial wire itself, including the losses due to eddy currents in ground 
and surrounding objects. This component varies in many cases about 
as the square root of the frequency. The third component R s accounts 
for the losses in the surrounding dielectric and varies about inversely as 
the frequency. There is then for total resistance measured 

R - Ri + 1 e s + R, - hp + hVf + J (64) 

Therefore, if R is found experimentally for throe different frequencies 
the constants k h fc a , and k, can be found, and with them the three 
components. 

136. Determination of Negative Resistance.—Negative resistance 
can be obtained from the slope (tangent) of the static voltage-current 
characteristic for a particular operating point. Since negative resistance 
(Sec. 9) shows valuable features only when current variations prevail, 
it is best to determine it dynamically, that is, with currents of the desired 
frequency. In many oases tests with a 1000-cycle source is sufficient. 
Since for a negative resistance i?, a small voltage increase across it pro¬ 
duces a corresponding current decrease and vice versa, it can be readily 
determined by connecting a standard resistance in series with it. If the 
negative resistance R„ is numerically equal to the standard resistance 
R„ the total series resistance must vanish. For a parallel combination 
of both, infinite resistance occurs for equality. Hence, if in the one 
branch of the balanced transformer (using an iron core) of Fig. 50 a nega¬ 
tive resistance It* is connected in series with a fixed standard R\ and 
another standard resistance inserted in the other differential branch is 
varied until for a value R% a decided sound minimum is noted in a tele¬ 
phone receiver connected across the secondary of the transformer, one 
has Ri — R„ = Ri or R* ** R% — R%, if Ri happens to be numerically 
greater than R a . It is then convenient to excite the differential system 
with a small sinusoidal voltage taken from a 1000-cycle source. A Wheat¬ 
stone bridge arrangement can also be used. The method is then similar 
to the one described in Sec. 132. If inaudible currents are Impressed 
upon the system, the air transformer of Fig. 50 is used with any suitable 
zero-current detector. A tube voltmeter can be used also. For another 
method, the negative resistance R x is connected in multiple with a stand¬ 
ard resistance Ri. For a sinusoidal voltage E impressed upon the parallel 
combination, a current I will flow to the combination and E ®= — IE Jit/ 
(Ri — R x ). Next, the standard parallel resistance is varied until for the 
same input voltage E half the current flows to the system, and E - 
—0SIRA/(Ri — JS»), These two relations give the formula R x *■ 
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—RiRi/(Rt ~~ 2Ui) for the negative resistance. Still another procedure 
uses the standard resistance R in series with the negative resistance R x . 
p or a sinusoidal voltage R\ (measured with a high-impedance voltmeter) 
applied to the series combination the current reading I is noted. The 
relation is then I — EJ(R — Rx)- Next, the negative-resistance device 
is short-circuited and the input voltage changed to a value E if for which 
the same current I flows through the standard resistance JR. For this 
rendition I “ EJR and the negative resistance is computed from 

= -R(p - 1) for p = Ei/Ei, The balance 
method shown in Fig. 239 is essentially the same 
as described by E. N. Dinglcy. 1 For minimum 
effect in the telephone receiver, the curren 
display is as in the figure, since the negative- 
current variation h through (- R x ) occurs as indi¬ 
cated. Inasmuch as Pi and P 4 are essentially 
of the same potential, RJi = Rsh and, accord- Fig . 23 Q, — Determination of 
ing to Kirchhoffs law for balance, IA + negative resistance. 

(Ji + h) Pa - RJi “ 0 around the circuit PiPJPaPi- For the numer¬ 
ical value of the negative resistance both expressions give the formula 
R x « (1 + m)R& + if a for m - RJRi. 

For negative-resistance measurements it must be understood that a 
negative resistance is a current-carrying circuit and that blocking con¬ 
densers and chokes, etc., must be used to keep direct and variable currents 
in the respective branches to which they belong. 

i Proc. LR.E ., 16, 1048, 1981; F. Horton and A. C. Davis, Proc. Roy. Soc. ( Lon- 
dm%) , 2S-4B, 1920% 





CHAPTER X 

DETERMINATION OF HIGH-FREQUENCY POWER AND LOSSES 

Ordinary wattmeters used for low-frequoncy work cannot be used for 
higher frequencies because of their inductive and capacity effects. For 
high frequency, special constructions 1 are needed. The simplest way 
of determining high-frequency power is by multiplying the effective 
resistance of the test apparatus by the square of the effective current. 
If it is difficult to obtain the effective resistance, as, for instance, for coils 
using iron cores, the rate of heat dissipation in the sample can be measured 
and the electrical equivalent in watts oomputed from it. The watt is the 
power dissipated in a resistance of 1 ohm when 1 amp flows through it. 
The joule is the energy (work) expended in 1 sec by a flow of 1 amp through 
1 ohm. Therefore, the practical unit of the power is a derived unit. 
For smaller values of power the milliwatt (10“* watt) and the microwatt 
(10-° watt) are used, while for larger values the kilowatt (1000 watts) is 
the customary unit. In the electrostatic as well as in the electromagnetic 
c.g.s. system, the power is in ergs per second, and 1 watt is equal to 10* 
ergs/sec. 

1 watt « 1 volt X 1 amp - 10 7 ergs/seo (1) 

with the international watt » 1.0005 X 10 7 ergs/seo. Hence, if the, 
electric vector 8 of a direct surface wave has at a certain place a forward 
tilt t with respect to the normal to ground (see Bee. 134 and Fig. 237), the 
component 8 cos (90 - r) is responsible for the energy which passes across 
each square centimeter of the surface of the ground. The power absorbed 
in c.g.s. units is then (3 X 10 10 8 J sin r)/(4r), and in the practical system 
(3 X 10 s 8 s sin t)/(4tt) watts. For circuit problems it is often convenient 
to express the numerical magnitudes of two powers Pi and P* in loga¬ 
rithmic units (Sec. 36). This is especially useful for changes of voltages 
or currents duo to successive changes in a circuit. The common loga¬ 
rithmic unit is the decibel. It is also known as the transmission unit 
(TU) and the number Ni is given by 

Ni — 10 logic jr* deoibel (2) 

1 M. Eastlmm ( Jahrb. d. drakt., 11, 206, 1910) gives a special design of a torsion 
wattmeter which uses the dynamometer principle. H. Ghirmx (Radio-dleetrieM, 
Suit. teeh. 57, 1924) describes a hot-wire-type wattmeter the deflection of which is 
due to the expansion of two hot wires. 
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Hence, a huge power rutio cun be expressed by a comparatively small 
value for N 1 . Thus, if Pi/Pj = 10°, one finds Ni = 10 X 6 = 60 db. 
A unit, ten times larger than the decibel is the bel. The natural loga¬ 
rithmic unit is the neper, given by 


p 

Ni = 0.5 log, yr nepers (3) 

Then 

10 T1J *= 10 db = 1 bel = 1.15 nepers (4) 

From (2) and (3) it can be seen that a power gain exists for P x /P 2 > 1, 
and a loss for a value smaller than unity (see Table XV at the end of the 
book). A reliable method for power gain and loss measurement is 
described in See. 163. For a relation for the total iron loss in a laminated 
iron core, reference is made to the formula 1 

pf „ a w il “ sinh 2 maa — $ sin 2 mafi R3 

Amp cosh 2 maa — cos~2 ~maf~ ^ ' 


2a is the thickness of the laminations, m = \/2irpw/p; a 
d * s/l - sin y; p the permeability, p the resistivity, 


Vl + sin y; 
y the hysteresis 


angle, o>/2r the frequency in cycles per second, and B the apparent flux 
density. The hysteresis angle y is then conveniently determined with 
a 60-cycie current flowing through a reactance coil which uses a closed 
core made up of the laminations. At such a low frequency practically 
only the hysteresis losses play a part and the power factor cos <p = sin y. 
It will bo found that the angle y for very thin laminations is larger than 
for thick laminations. For laminations used in high-frequency work 
the thickness 2a of the laminations is about 5 X 10~ 8 cm and even less 
(Hausrath foil used in Lorentz high- 
frequency apparatus). The resistivity 
is about 30 p ohms/cm* and sin y 
about 0.4. 

136. The Cathode-ray Tube as a 
High-frequency "Wattmeter.-—If the 

voltage across the test sample which 
dissipates energy is applied to one 
deflection condenser and the drop across 
condenser C, which is proportional to the 
current of the test sample, is connected 
across the ot her deflection condenser, a Lissajous-R-yan 2 power diagram is 
traced on the screen of the tube as shown in Fig. 240. The closed-area dia- 



Deflection u(due 
to votb$e) 

-C~ Jul*. Deflection x(dae 

M K* ioajrntnf) 


Fig. 240, —Cathode-ray watt- 
motor. (B and I are effective volt¬ 
age and current of test sample and 
$ and i, instantaneous values.) 


iLatoor, Mq Proo. I MM,, 18, 220, 1020, 

8 H. J. Ryan tuteti such tract* for the first time for high-voltage measurements and 
J. P. Minton applied it to the determination of dielectric losses in’ transformer coils at 
commercial frequtmciw (60 cyolos/aoc). 
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gram is proportional to the voltages applied to the respective deflection con¬ 
densers which are mounted at right angles to each other, and it represents 
the power diagram. That the enclosed area A is proportional to the 
average power for one period T «■ 1 // can be seen from 


7c L e; dx 


Comparing A 


idt with W -> y, e idt, for j- 


W « m ^kfAC watt (6) 

if k is in square volts per square millimeter, / in kilocycles per second, 
C in microfarads, and A in square millimeters. The constant k of the 
circuit is found as follows. Suppose for a certain high-frequency current 
I, which flows through the sample, the area A - 50 mm 9 is found by 
means of a planimeter for a frequency / ■* 500 kc/aec and a condenser 
C — 0.002 /if. Suppose 100 volts across the voltage-deflection condenser 
produces the deflection 1 of 10 mm and 30 volts across the current quad¬ 
rants the same deflection. Then 100 mm* area corresponds to 3000 volte* 
and k = 3000/100 = 30 volts a /mm s area. The power read off from the 
above diagram is then W = 10" 3 X 30 X 500 X 0.002 X 50 *» 1.5 watts. 
It should be remembered that pure sinusoidal voltages of about the same 
frequency should be used to determine the constant k if measurements 
are made at very high frequencies. For the lower high-frequency rang® 
direct voltages can be used to find k. 

137. The Thermocross Bridge as a 'Wattmeter,-— The arrangement 
of Fig. 69 can also be used as a high-frequency wattmeter, if one voltage 
terminal is connected to the bridge point B and the other through a high 
resistance with the bridge point C. Bridge points A and D are used as 
current terminals and the power computed from IF — d/k, where d is the 
deflection of the galvanometer in divisions or in millimeters (when a wall 
galvanometer is used), and k denotes the bridge constant in deflection 
units per square ampere. For a power factor cos <p, the deflection is 
d ■■ Id i cos <p «■ k W. The constant k is then conveniently determined 
by two known currents h and h which flow into the bridge at .4 and G, 
respectively. The deflection is then d i *» kIJa if /1 and /» are in phase 
or if 1 1 and h denote direct currents. Then k » 

138. Tube Wattmeters.— The circuit shown in Fig. 245 can also be 
used to indicate power.* The determination is then as described in Sec. 
146 in connection-with Fig. 245. If E„ and E p denote the effective volt- 


1 A cold Braun tube is used with lam voltage sensitivity or a hot-cathode-ray tuba 
with indicated series condensers (dotted) in order to cover a wider power range. 
.External-deflection condensers can also be used for cutting down the sensitivity. 

a Thautwkin, F., Inaug. Dim . Karlsruhe, 10, 1021; H. M. Toknbr and 
F. T. McNamara, Proc. I.R.E., 18 , 1743, 1030; E. O. Pbtbrjkw, 1926 (U. B. patent 
1,580,563). 
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ages for the grid and plate circuits, the plate current I is a measure for 
EgUv C()S P' ^ ne ^he two voltages is made proportional to the current 
of the test sample whose wattage is to be found. The tube wattmeter of 
H. Hausrath 1 requires only two determinations instead of three. If in 
Fig. 245 for fixed-voltage amplitudes E x and U 2 , on the grid and the plate, 
respectively, the plate current is h, and for the phase of E x displaced by 
180 deg the plate current is h, one has h = k[E t + fiE,] and I 2 = 
k[E% — pE i| if the characteristic is linear. If E„ and E p are the corre¬ 
sponding effective values, the relation I x 2 — I 2 2 = 4 nkE g E p cos <p = 
KEqEp cos ip is obtained. 

Figure 241 shows a tube wattmeter independently suggested by 
H. M. Turner and F. T, McNamara 2 as well as by E. 0. Peterson. 2 Two 
tubes connected in push-pull act as a balanced modulator and, by using 
a microammeter ga, the circuit is suitable for measuring power in the 
microwatt range. The purpose of the balanced 
modulator is to keep undesired components from 
affecting the microammeter. In the case of the tube 
voltmeters described above, two input voltages with 
one proportional to the load voltage and the other to 
the load current are applied. The component Fia. 241.—Tube watt- 
whieh is proportional to the load current I is meter, 

taken off as voltage across low resistances, while a suitable fraction e t 
of the load voltage ta used as the other component. As can be seen from 
the figure, the sum of the instantaneous values ei and e 2 is impressed on 
on© tube and the difference ei — e% on the other tube. Working as a 
modulator along the curved portion of the tube characteristic, one finds 
that the plate current is proportional to the square of the lumped tube 
voltage, that is, for E ■» Eb — fxE c , one has i = k[E + n(ex + e 2 )] 2 . The 
plate current in one plate branch is then u » k[E 2 + 2/dE f (ei + e 2 ) + 
mW + e» a | + 2g*«ie»] and. for the other plate branch u = k[E 2 + 
2nE(«i — 0a) + m 8 1®i s + « 2 Z ] — 2/t 2 eie 2 ]. For balanced circuits the read¬ 
ing of the ndcroammeter is proportional to (ii — i 2 ) = 4/ik[Ee 2 + »e ie 2 ]. 
For a sinusoidal input current I which is <p deg out of phase with respect 
to the terminal voltage of the load, for 6 = wt and 2 fik = K, the micro¬ 
ammeter will read i «■> K[2EE% sin 0 + 2E x Ez sin 8 sin (0 + <»)]• The 
first term cannot affect the meter, since the average value of sin 8 =0. 
Hence i « 2KEiE% sin 0 sin (0 + <p) = KE±Et [cos <p — cos (20 + <p)] 
where the average value of cos (20 + <p) is zero, and i - KE x Ea cos <p 
which shows that the indication of the microammeter is proportional to 
the power dissipated in the load. • 

‘Tbaotwbw, F., Innug. Dm. Karlsruhe, 16, 1921; H, M. Turner and 
F. T. McNamara, Pmc. J.R.E., 18, 1743,1930; E. O. Peterson, 1926 (U. S. patent 

1,886,883). 

1 Lm, eft. 
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139. The Differential Transformer as a Wattmeter.- -The test sample 
(in Fig. 242 an aerial) is connected in one branch and the variable stand¬ 
ards in the other of the differential system. By means of ( and R S) 
the circuit is balanced (noted by zero current in the secondary of the 
transformer). The power transferred to the aerial system is then 
W — 0.25 UP if R in ohms denotes the balance 
setting of the variable resistance R n and I the 
high-frequency current flowing for balance to 
the differential system. The differential system 
is then grounded as indicated in the figure. For 
small amounts of antenna power, the high- 
frequency resistance R\ of L, must be taken 
into account and W is computed from 0.26[fl - 
For the determination of large powers 



the differential transformer is 
The two primary windings then 


a/ afibttir* rturyi/, 

the design of 

Fia. 242.—Balanced- mU ch simpler, 
transformer wattmeter. _ * - .« , * * - 

are formed by the open loop 1-2-3 in the shape of 
a copper cylinder with a wide-open slit. The arcs 1-2 and 3-2 are 
symmetrically arranged with respect to another copper ring 4-5 made 
of litz. 

140. Determination of Dielectric Losses.— In the cathode-tube cir¬ 
cuit of Fig. 240, the test condenser represents the consumer and the 
inductor L 0 is omitted. The area A braced by the spot of the cathode 
ray is then proportional to the dielectric loss, since the vertical deflection 
is y =» k x E sin 8 and the instantaneous 
horizontal deflection x -> kt'I cos (8 + <p), since 
the condenser current for an air condenser leads 
its terminal voltage by 90 deg. The angle <p 
denotes the lead of the current of the test con¬ 
denser with respect to its voltage. The area of 
the ellipse is then 

A = jydx «■ /[fell? sin at] [ — hut sin (at + <p)cft] 

*■ —irkiktEI cos <p 

The area is proportional to the power dissipated 
in the condenser; that is, A ■» K W whore K » 
irkiki and is found as described in Sec. 180. 

The circuit shown in Fig. 243 is more accu¬ 
rate since a symmetrical system is used. The 
disadvantage is that two test samples are 



Fm. 

ray till ms 


243,~~ Cttthodo- 

. -j lx * 1 ,i , , oty t»Mi for fchii det*rxni» 

required. The voltages impressed on the test MtloB o{ dWwtrie u.«. 

samples act at the same time across the variable 

condenser C <, C t . This may be a space condenser which consists 
of hollow metal cylinders with rounded ends. 
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The circuit of Fig. 232 can also be used for the determination of 
dielectric losses. The test condenser C x is connected in one branch 
and a variable-air condenser C, with a short piece of slide wire R s in series 
is connected in the other branch of the differential system. For balance 
the dielectric loss is W = 0.25 pP- The balance by means of the small 
resistance It„ is best carried out with the scheme described in connection 
with Fig. 235, With respect to the balance adjustment indicated in 

Fig. 470 the expression W = can be used for the study of 

dielectric loss W dependent upon the impressed voltage E. This voltage 
can be computed by means of the balance current 0.51. If the loss is to 
be found dependent upon the capacitance C x , there is the formula 
"W m puMJCjB* where C x , strictly speaking, is theoretically slightly dif¬ 
ferent from C (for details, see Sec. 3). 

141. Determination of Iron and Coil Losses. —This method is con¬ 
veniently carried out with the slow but reliable calorimeter method shown 
in Fig. 224 and described in Sec. 129. If ordinary air coils are to be 
tested, the calorimetric method can also be used, but the procedures 
described in Sec. 126 for the determination of high-frequency resistance 
are more rapid, since by a knowledge of the effective coil resistance it 
is only necessary to multiply the resistance by the square of the effective 
high-frequency current in order to obtain the loss of the coil. In the 
earlier days of radio the loss was usually determined from the logarithmic 
decrement. 



CHAPTER XI 


DETERMINATION OF LOGARITHMIC DECREMENT, POWER 
FACTOR, PHASE DIFFERENCE, AND SHARPNESS OF 
RESONANCE 

The amplitudes of successive maxima are the same for ordinary 
tube oscillations, since enough power is being supplied to cover circuit 
losses. But if a condenser is charged and left to discharge its energy 
freely over a suitable inductance L of resistance R so that self-oscillations 
are possible, the successive amplitudes will become smaller and smaller, 
the decrease depending on both R and L. The successive amplitudes 
of the same polarity then decrease according to a logarithmic, straight- 
line, or other law. If h and I 3 denote any two successive amplitudes of 
the same polarity for very pronounced spark damping, a linear law 
D = (h — J 3 )//i can exist, where D is known as the “linear decrement*” 
Normally oscillations die off logarithmically and the logarithmic decre- 

ment per cycle is 8 = log*-^ = 2.303 logio yi. The logarithmic decrement 

I 3 J-s 

can be determined from any two instantaneous values of current which are 
one period out of phase. Hence 


Itr* 1 sin 2rft 

J e -a[t-\rT] gin 2r rft 


and log* 


= aT 


from which aT = 8. The factor a is then known as the “damping 
factor 77 and denotes the decrease of oscillation intensity per second while 
5 is the decrease for a complete period. Taking / = l/(2ir\/ClLt)f one 
finds 8 = ttR\ZC/L . For one cycle we also have 


Joulean heat loss _ %PRT _ ~ ^ 
Magnetic-field energy }iPL a 


( 2 ) 


142. Relations between Logarithmic Decrement, Power Factor, 
Phase Difference, Sharpness of Resonance and Their Determination by 
Means of a Tube Generator. —Sharpness of resonance, phase difference, 
and power factor appear in many places in this text, since it seems more 
convenient to use them with sinusoidal currents instead of the decrement 
as used in the past. If <p denotes the angle between the terminal voltage 
of an apparatus and its current, cos <p is known as the “power factor*” 
The angle (90 — <p) = is known as the “phase difference 77 which 
plays an important part with condensers. If the quantities are expressed 
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in the customary practical units, that is, ohms, henries, farads, and cycles 
per second, there is the interrelation 


8 



xR 

uL 


7r cos <f> ~ x sin'fr 


(3) 


This means that the power factor cos tp is equal to the logarithmic decre¬ 
ment divided by r. There is also cos <p = sin T T, since T is usually 
very small. The sharpness 8 of resonance is equal to « L/R and 8 = 

- = —L_. Therefore it does not matter whether the power factor, the 

8 COS tp 

sharpness of resonance, or the logarithmic decrement per cycle is used; 
all express the same circuit quality. 

The loss angle of a condenser is 8r ~ (90 — tp). It changes but 
little with the frequency and it is better to use it instead of the phase 
angle tp for this particular case. At 100 cycles/sec, the phase difference 
'I' is seldom more than two to three times the value at 1 lcc/sec. The 
changes are much smaller within the range of high frequencies. Since 
the sine T is equal to the power factor of the condenser, there is. often 
Sk £= cos tp where Sk is expressed in radians (1 radian = lBO/V). There¬ 
fore, for small values of 8f, the power factor can be used like Sk. 

According to Sec. 5 for an induced sinusoidal voltage E in a closed 
CLR circuit for any C setting, there is the current 


I 


Ir 


1 -t- js 



for the resonance current I r * E/R, the sharpness of resonance S * 
2xf r L/R where f r is equal to the resonance frequency 1/(2 irs/UL) and 
p =///>• and / denotes the frequency for any C setting, while f r corre¬ 
sponds to the resonance setting of the tuning condenser. Since S ** x/8, 
one has 

_ 1 

s - 

and with the approximation made in Sec.‘6, according to Eqs. (41), 
(42), and (43) of that section, 

S «= 2x—^--^j (4) 

Hence, if the resonance deflection d, and the deflection d for a slight 
detuning are noted, the logarithmic decrement 8 per oycle can be com¬ 
puted with above formula. The radical in the formula becomes unity 
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if the deflection d is equal to half of the resonance deflection. Such 
a method is convenient when the total decrement of any resonator 
(frequency meter, for instance) is to be determined and the power factor 
and the sharpness of resonance are computed from 


COB (p 


” /> an d 5 « ... 

f r COS <fi 


A similar determination consists in finding at first tiro resonance frequency 
/, of the resonator by means of a loosely coupled driver and a frequency 
meter. The condenser of the resonator is then changed to values/, and 
/ 2 , one being higher and the other lower than /, but such as to produce 
half-resonance deflection corresponding to 0.709/ r , and the decrement 
and the power factor are computed from 


5 => and cos <p - ^ 8 -~*— 

Jr Jr 

143. Determination of the Decrement and Power Factor of Individual 
Apparatus.—If, for instance, the decrement of a condenser is to tie deter¬ 
mined, the method of Figs. 232, 233, 234, and 235 can be used. If C, 
and R, denote the setting of the equivalent air condenser with a standard 
resistance R, in series in order to account for the losses (phase angle) of 
the actual condenser, the decrement is computed from 5 - 1973 X 10~ # 
C,R,f where / is in kilocycles per second, C, in microfarads, and It, in 
ohms. 

Example. —Suppose, for the final balance in Fig. 235, the current 1/2 - 0.0045 
amp flows through the teat condenser and ('« *» 0.00102 af and R, •* 0.310. The 
frequency / - 770 ko/seo. The power lost in the condenser m therefore 0.0045* X 
0.81 watt and the decrement 5 « 1973 X 10' 8 X 0.00192 X 0.81 X 770 «■ 0.0091. 

144. The Cathode-ray tube as a Power-factor Meter,—As indicated 

in Fig. 244, the area of the E, I trace is A? » I i/dx «■ KEI cos <p. For 

a sinusoidal current there is generally the indicated inclined ellipse. If 
the power factor cos <p «• 1, there is the dotted ellipse, that is, an area 
Ao = KEI. If a' and h' are the main axes of the resonance ellipse and 
a and b ,the principal axes for any phase angle <p between E and I, 
cos tp>* AJAz -» (o6)/(a'&'). Therefore the determination requires three 
photographic exposures (or traces by hand on the rear face of the tube). 

1 . The inclined ellipse is photographed which giv« the actual condition* of the 
test sample, since the respective quadrature deflections (see also Fig. 240) are propor¬ 
tional to terminal voltage E and the current 1 through the sample. 

2. Only voltage E acts, giving the linear trace 2a'. 

3. Only the current I acts on the other deflection quadrant, giving the linear trace 

26'. 

4. The axes a and b are then drawn and cos ? is computed from nb/a'h'. 
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146. The Thermocross Bridge as a Phase Meter.—If two sinusoidal 
currents I and i flow in the circuit of Fig. 59, the galvanometer will give 
a deflection d = kl i cos <p. The method consists 
of using at first two in-phase currents h and i 
through the respective terminals A D and B C. 

The deflection is then d x =* khi cos 0 = kj x . 

Hereafter the actual current I* is made to flow - „ff 
m place of h, and the deflection d% — kin cos <p 
— hi 2 is noted. The power factor is found from cos <p = h/h, where 
h = di/Ii and h - da/Ia. 

Example.—h = 0.26 amp and J s *» 0.1 amp with the corresponding deflections 
di = 76 mm and da - 26.6 mm. Hence ki *» 76/0.26 «* 300 and ki =* 26,6/0.1 •» 
266 and cos <p = 266/300 *» 0.8826 and <p » 28°3'20". 

146. Tube-phase Meters.—The circuit of Fig. 246 gives a means of 
determining the phase <p between two sinusoidal currents. One current 



affects the grid and the other the plate circuit. The corresponding 
voltages are ei ancj. e a . By means of the potentiometers Ri and R t , 
suitable voltages are impressed on the grid and the plate. Both voltages 
affect the plate current I which also depends upon the phase displace¬ 
ment. The tube is calibrated by means 
of known alternating grid and plate volt¬ 
ages, and I plotted against the known 
phase angle <p. If the tube is then used 
as the phasemeter, the same grid and 
plate voltages are to be’adjusted by means 
of the potentiometers R x and Ra. The 
phase angle <p is then read off from the 
calibration curve for the value I obtained. 
The same voltages are obtained by having 
only e x acting and noting the plate current, 
or by having only e a acting and noting the 
plate current as in any direct-reading tube voltmeter. The respective 
plate currents must be the same as the values I = I x and 1 =* 1% obtained 
when the respective calibration voltages act independently. The push- 
pull modulator circuit of Fig. 241 described in Sec. 138 can also be used as a 
phasometer. The same circuit, but as in Fig, 246, then gives a very 



Fig. 240,—Puah-pull phase meter* 
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sensitive meter for the measuring of small voltages across points ft 
and Pi, since by means of the well-known phase shifting bridge pCpC, 
the phase a between the auxiliary voltage E a and the outgoing voltage 
E of the same amplitude can be adjusted to a value which brings E in 
phase with the drops across PiP». 

147. Determination of Phase Angle by Means of a Recurrent Net¬ 
work.—-In the arrangement of Fig. 247 a long single-layer coil is connected 
at equal distances through condensers to a common conductor. If a 
sufficient number of sections is chosen, the voltage impressed at one end 

will give practically zero-voltage effect 
at the other end of the coil with 
respect to the common conductor. 
Suppose a voltage E\ sin (wf + pi) is 
impressed at one end and a voltage 
Ei sin (w£ + p$) at the other end, 
and the potentiometer sliders along R v 
and R% are so adjusted that equal volt¬ 
age amplitudes are impressed. Then 
if two equal small coils L\ and L s 
are moved within the long coil until the indicated tube voltmeter 
gives no response, the difference (a% — oi) is a measure for the phase 
difference ps — pi. The same method can also be used to calibrate a 
recurrent network for phases. The calibration holds for a certain fre¬ 
quency band only. 


lub e tfftm tler 
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Fiu. 247.~Det0rmlnB.tion of phase 
difference by means of a recurrent net¬ 
work. 



CHAPTER XII 


FERROMAGNETIC MEASUREMENTS 


If a coil uses an iron core, copper and iron losses are dealt with. 
A portion of the former are the same as for direct current if the increase 
of resistance due to iron losses, dielectric losses, and skin-effect action of 
the conductor is subtracted. This is evident because the heat loss in the 
iron core requires a certain amount of current flow through the coil. 
The core losses are divided into hysteresis and eddy-current losses in the 
iron. The hysteresis loss can be computed from the area of the hysteresis 
loop. For test samples it is often of advantage to have the iron core 
occupy about 70 per cent of the average area of the coil, since then about 
a 1 per cent change in the terminal voltage occurs due to the air space 
which is left within the coil. This is evident if it is realized that the 
voltage due to the cross section of air is displaced about one-quarter 
period with respect to the voltage due to the cross section of iron. 

For ferromagnetic relations in coils there are analogous expressions as in the ordi¬ 
nary electric circuit. The magnetic permeability fi corresponds to the electric con¬ 
ductivity cr f the magnetomotive force (m.rni.) to the electromotive force (e.m.f.), 
the magnetic flux density B to the current density i, the magnetic reluctance (mag¬ 
netic resistance) R m to the ohmic resistance R } and the magnetic flux $ to the current 
/. If // denotes the magnetic-field strength in gilberts per centimeter, A cm 2 the mag¬ 
netic as well as the electric cross section, and l cm the length for magnetic as well as 
for the analogous electric circuit, e.mi./I « R and m.mi./* — Rm- The first relation 
is in volts, amperes, and ohms and for the second expression the m.m.f. is in gilberts, 
4 in maxwells, and R m in oersteds. For N turns with the magnetizing current I m , 
one has m.m.f. « HI ~ 0.4rr NIm gilbert * Him amp-turns. For the magnetic reluc- 

' . . ‘ , */A P (gaU89) _ 

tanoe R m - Z/0*A), and there is the analogy /* = mi ^ - #(giiber V am) anQ * 


I/A 

—jjl « v 0 jt/“cm ' 

Reference is made to page 239 and Fig. 192 for the incremental 
permeability and loops superimposed on hysteresis loops. In many 
ferromagnetic determinations, the change in magnetic flux must be 
measured. There are essentially two methods for doing this. In one 
method the change in flux is noted in a relatively short air gap. The 
other method, which is more customary for high-frequency work, is based 
upon the use of a separate coil (search coil) surrounding the iron core an 
finding the value of the time integral of the voltage induced across t 
terminals of the separate coil which may be the secondary if a tr ^sforme 
core is to be tested. For static iron measurements, the first throw ot a 
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ballistic galvanometer is used as an integrating instrument. For high- 
frequency work it is more convenient to integrate by means of a purely 
electrical circuit. 1 The integrating circuit then consists of combinations 
of capacitance, resistance, and inductance, since such elements can be 
used to obtain the cyclic integral of a current and therefore also that of a, 
voltage. If (as done with a cathode ray oscillograph) the hysteresis loop 
is traced, the terminals of an exploring coil surrounding the test core are 
connected across a series combination of a condenser and a resistance. 
This is followed up in more detail with one of the methods in the next 
section. 

148. Determination of Magnetic Hysteresis and of B and H.— If, as 

in Fig. 248,' an open core consisting of a bundle of straight iron wires 
is to be tested, the stray field which is proportional to the magnetic 
induction will cause an upward and downward deflection, while a 
suitable voltage Ei which is proportional to the current I passing 
through the coil will by means of the deflection condenser C i, CV produce 

c a to and fro deflection proportional 
i m p&h to the magnetic field. Hence, if the 

j Jg^ l rlQl-n A _ Li_q switch S is closed, the indicated hys* 

rJGTi 1—*■ Jy teresis loop is traced by means of the 

—- fluorescent spot of the cathode ray. 

Fig. 248.—-Cathode-ray oscillograph The axis AB is obtained by short- 
for tracing the hysteresis loop for an circuiting the test coil with switch S%* 

The axis CD is obtained by opening St 
and S. The area of the hysteresis loop for such a determination 
may be taken as an approximate measure for the hysteresis loss per cycle 
since the stray field does not give exactly the true conditions all along the 
open core (stray field is nonuniform owing to the demagnetizing effects oi 
the poles). If a cathode-ray tube with two internal deflection condensers 
is employed, the deflection condenser which is not used, and in space 
quadrature with respect to C x Ci, must be short-circuited and connected 
to the grounded plate C% of the deflection condenser C i, C\. Figure 240 
shows an arrangement where, for more accurate work, a closed cole is used. 
The respective quadrature deflections are produced by symmetrical 
deflection coils Li, L 3 and L 2 , L 4 . A large air choke L 0 with a large time 
constant is used, so that the current through coils LJL 4 is proportional 
to the flux density B. The current through LiL z is again a measure of 
the magnetizing force. In the circuit of Fig. 250 an exploring coil S 
is used‘to produce the B deflection by means of* one deflection condenser 
and deflection coils again to produce the B component of the hysteresis 


for tracing the hysteresis loop for an 
open-core sample. 


1 Kaufmann, W., Z. Physik, 5 , 316, 1921; W. Katifmann and E. Pokar, Phyaik . 
Z 26 , 597,1925; E. L. Bowles, J. Am. Inst. Elec. Eng., 42 , 849,1923; 0. E. Chaki/toH 
And J. E. Jackson, J. Am. Inst. Elec. Eng., 44 , 1220 , 1925; K. Krueger and IT 
Plendl, Z. Hochfreq ., 27 , 155,1926; J. B. Johnson, Bell System Tech. J., 8 , 286, 1929 
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loop to bo traced. It is necessary to have R large in comparison to 
l /(“9 and the number N of the turns of the exploring coil must be such 
that ii is small and cannot react back appreciably on i\. The instan¬ 
taneous voltage across the integrating condenser C is 

„ m 8 CNA dB NA„ 
e ‘ =10 ^ Jx5Tf - X 10-volts 


if A denotes the cross-sectional area of the sample and B the flux density. 
The voltage is amplified to a value e 2 , producing a deflection d cm/volt 
along the 5-axis of the .loop. A knowledge of the amplification is not 



source. 

Fig. 249.—Em¬ 
ploys deflection coils 
for tracing hys¬ 
teresis loop for a 
closed-core sample. 



Fig. 250.—Tracing of magnetiz¬ 
ing loop. 


required, since the calibration constant can be found by noting the 
deflection d cm for a known voltage e x across The input of the amplifier. 
Hence any ordinate d x (parallel with the B- axis) on the traced hysteresis 
loop then gives a flux density 


B d x BC 

R « d N A 0) 

The calibration for the R ordinates is obtained by measuring the deflec¬ 
tion produced by a known direct current i\ and the magnetizing field of 
the test sample is computed from the dimensions of the coil for the cur¬ 
rent reading i%. 

149. Determination of Flux Density and Permeability. —The above 
methods using the cathode-ray oscillograph give the flux density and the 
permeability by means of B/Ii, since H can also be found from the trace 
and a separate calibration if the H deflection only is produced. If the 
substitution method of Fig. 251 is used, the test sample is compared with 
a standard variometer L, in series with a standard resistance by con¬ 
necting either the sample or the standard into a resonator. The sample 
should not contain too much iron so that the effective inductance L x 
does not come out unreasonably high and the iron must occupy almost the 
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entire space within the turns, bo that L„ depends mostly upon the perme¬ 
ability of the core to be tested. At first the circuit containing L t , R„ is 
tuned by means of the variable condenser and the variable inductance 
(which always stays in the circuit) and the resonance current /, is noted. 
Next, the test sample is removed and the standards arc used instead. 
The settings of the standard variometer and resistance are varied until 
for a setting L, and R» the same resonance current /, is again obtained. 
Then L* = L, and 

I x 10 8 

B m „ - 1.416- V A ^ li, “* “ f '" du, ’ ,,tn " em * Khubs) (2) 

if the inductance is in henries, the resonance current I, in amperes, the 
cross section of tlie iron in square centimeters, and N denotes the number 



Fid. 261. Flo. 262 . 

Fro. 261.—Substitution method for finding B Mid x. (Co* «• U power factor of fwnpto.) 
Fig, 252,—-Voltmeter method (A*, high-frequency NMrfstftvu)* of th« air oollj A»* high- 
frequency resistance of the teat ©oil; A*. apparent fisistoet of tmt ooil* A#, apparent 
increase of high-frequency resistance due to the iron core; /». power component of coil 
current; I, m magnetising component; ?«> phase angle of air ooll; phiM§§ nngie of test 
coU; cos ^ power factor of test coil)* 

of turns. The permeability is then p » ttm% and the resulting 

magnetic-field strength H™* of the sample given by 

II,^ - %V‘Z ~f gilberts/cm (3) 

if the mean length l of the magnetic path is in centimeters. The mag¬ 
netizing component I m of the total current I r passing through the sample is 

o)L n 


so that 


11.14 NfhJr 
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and the effective permeability 

u - 1 27 X 10 iVW±WTlM^ 
M ANf ~ 


(3a) 


where l is in centimeters, A in square centimeters, / in cycles per second, 
the resistance in ohms, and L, in henries. The maximum field strength 
ffmw which exists at the surface of the core consists of a watt and a per¬ 
pendicular wattless component which magnetizes. Since the phase as 
well as the amplitude of the magnetizing force are different ait different 
places within the core, //,„« must be regarded as an average value. 

A voltmeter method can also be used if the arrangement of Fig. 252 
is employed. The coil L x then contains the test core and the air coil L„ 
in series has enough turns so that its terminal voltage for the desired 
current I is about equal to that of the test sample. The measured coil 
current I through L, then lags practically one-quarter period the terminal 
voltage of the air coil. L, must be known (measured with any of the 
high-frequency methods of Chap. VII), as well as its effective resistance 
R„. The high-frequency voltage V impressed on the system must be 
sinusoidal. The action of Ii, can be neglected in comparison with « L,. 
For the desired high-frequency current I the terminal voltage across the 
air coil is then (vectorially) JS, = oiLJ = V, — IR a ^ The induc¬ 
tance of the coil is 


L, 


0.4 X 10“WA. 

~ AT 


where L * is in henries, the effective cross section of the coil A in square 
centimeters, and the mean magnetic length l in centimeters, for N turns. 

0 4*rl0~W 2 A/ 

The counter e.m.f. of the air coil is then/?, = «-^—-— = uNHA 

for // = —jf l gilbert/om where I is in amperes. For the test sample of 

effective cross section A' cm® (which has about the same over-all coil area 
as L.) the number of magnetic lines of induction are increased by juA' 
if n denotes the high-frequency permeability. The correct reactive 
voltage E a of the test coil is then E x - uNH[A + juA']. The magni¬ 
tude of A’* can be obtained by geometrical subtraction of the voltage 
drop in R, and its apparent increase R, due to the iron losses. The ratio 
E,/E x «= A/(A + pA') gives the effective permeability 

A 

jj* vtwvaxiy 

for any frequency f » E,/(2irL,I). The graphical solution in Fig. 252 
shows that the voltages A, and E . can also be computed from 


E x 

I. 


(4) 
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E. - vV » 3 - [I(R» + J?.)]* and E, - VV/™UH,y ( 5 ) 

where R», R c , and R x are found by suitable methods described in Chap. 
IX, and F and V, by means of a tube voltmeter. 

There is also a volt-ampere meter method. The terminal voltage E 
and the current I passing through the coil with the test core are measured, 
There are then the formulas 

M - jjr'; Hmox - gilberts/cm and Ii„ m « 

\0«E 

4.4 4fNA mm (6) 

This method is the oldest procedure and rather inaccurate, since no dis¬ 
tinction is made between resulting and magnetizing current. 

160. Determination of the Power Factor of a Coil with an Iron Core.— 

The circuit in Fig. 262 is used. From the measurements of the terminal 
voltages, V, F«, and V, by means of a tube voltmeter, the voltage triangle 
is constructed. The current vector I is then drawn perpendicular to 
vector F„ since for the air coil at high frequencies practically 90-deg 
phase displacement exists between the terminal voltage and the cuitent. 
The cosine between F# and I is the power factor; that is, cos - I/F*. 
From the vector diagram, 

7 a - I* + {F, + ■s/TT^T ’) 8 that is, I - Z t y/T l “ W 

« r * 

If the air coil is chosen such that its terminal voltage V, 
factor can also be computed from 

COS <p» » -jpprj- 

161. Determination of the Magnetizing and Power Current of a Coil 
with an Iron Core.— Figure 262 gives the circuit. A sinusoidal voltage F 
is impressed on the series combination. The test core is inserted in one 
coil and the number of turns of the air coil chosen so that V» is about 
equal to F, for the desired high-frequency current. The watt and watt¬ 
less components can then be determined with a fair degree of accuracy. 
By means of a tube voltmeter the voltage triangle F*F,F is obtained, 
where the current vector I is again perpendicular to V„ For the meas¬ 
ured current I the length of I gives the scale for the current triangle. The 
watt component I„ which is mostly due to the iron loss is relatively small 
and is parallel with F*. The perpendicular vector I M then gives the 
magnetizing current where, for the millimeter as the unit for the length of 
the current vectors, the current scale in amperes is /»*»//„«,. 

162. Notes on the Determination of Core Losses.—The arrangement 
shown in Fig. 253 may be used if no very accurate results are required. 


» F„ the power 
(7) 
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The total loss of the coil is W = E mta X I mux . A circuit of this type can 

also be used to determine the permeability. 1 If the circuit of Fig. 251 

is used, the test sample is first inserted and the circuit tuned by means 

of the coupling and the condenser setting, in order to L ^ 

obtain the desired resonance current which is equal 

to the current for which the coil is to be tested. The 

same current setting is repeated with the standard yT 

variometer and variable resistance in the circuit <r 

instead of L x , R x until the same resonance current 

flows again. The total circuit loss is then I r 2 [R + L_. 

The process of measurement is repeated but IHHHHI:— 

without the iron core. If a balance setting R — R x is Pw. 253 .—simpio 

obtained, then R x + R. must be equal to the total thodTer- 

circuit resistance and (R + R,) — (R x + R„) the resist- mination of iron 

ance due to core loss only. Therefore the core loss is lossea - 
(.R — Ri)I r 2 . In the method of Fig. 254 the test sample R„, L x is connected 
across terminals 1 and 2 and the resonance current h and generator current 
I x noted for the setting C =* C x and with the standard resistance R at its 
zero value. Terminals 1 and 2 are short-circuited and C as well as R 
is varied until for values C ■» C 2 and R = R the same exciter current 
1 1 and the same resonance current / 2 is again obtained. The loss resist¬ 
ance R x is then equal to R and to the total coil loss equal to I^R. The 
correctness can be seen from the impedance values. For the first deter- 

r ' 1 1 j 

mination Z — R a + j to L x — and for the second Z * R + 

From this relation it can also be seen that 


mination Z ~ R a + j\ < 0 L, 


4 with L a in henries, C x and C a in farads, and w/2*r 

Fxo* 254.—Detcrmlna** , , 

tion of the rosin tan 00 and 1& Cycles per SCCOnd* 

reactive oompouontu of a The slowest but most accurate procedure of 
ohoko coil. determining core loss is by means of the differ¬ 

ential calorimeter of Fig. 224. It is fully described in Sec. 129. 

153. Determination of Reactance and Effective Resistance of Coils 
with an Iron Core. —The method described in connection with Fig. 254 

C — C± 

gives the value of L» and the reactance as X ** •—, if the capaci¬ 
tances are in farads, co/%r in cycles per second, and X in ohms. The 


if the capaci- 


1 B. F. W, Alexanderson (J. Atn . Inat, EUc , Eng 30, 2483, 19X1) with a circuit 
of this kind investigated ferromagnetic properties up to 200 ko/see. L, X. Wilson 
(Proc, LR.E , t 9, 56, 1921) followed up the work from 100 to 1500 kc/seo; N. W. 
McLachlan (/. Inat. Elec, Eng . (London), 64, 480, 1916) investigated properties up to 
1000 ke/sec with are oscillations and the voltmeter method, 
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Urge emaf<fpa«r 



r*&i im$krmr 

Fia, 266.—Tost of an iron- 
core transformer.' 


resistance is R* - R. In the same way, the effective reactance and 
resistance experienced with an interstage transformer or any other, 
transformer can be found. The primary of the transformer is then 
connected to terminals 1 and 2 of Fig. 254, while the secondary is con¬ 
nected to a tube as in the actual circuit and the 
determination carried on as is described in con¬ 
nection with Fig, 254, Another procedure is by 
means of the well-known triple-voltage method 
shown in Fig. 255, where the voltages E\ } E% t and 
E are measured with the tube voltmeter. The 
proper direct-ourrent is superimposed by means 
of the battery E 0 . The solution is then as for Fig. 252. The tube volt¬ 
meter must be such that a voltage due to a direct current cannot affect 
it. Either a sufficient negative bias is used to just balance the direct- 
current drop or a grid condenser must be used. 

154. Determination, of Slope Inductance. —This inductance plays a 
part in large choke coils, interstage transformers, and the like. Hence, 
for the determination, the method described in Sec. 152 in connection with 
Fig. 254 can be used. For quick work where not 
much accuracy is required, the voltmeter method of 
Fig. 265 or Fig. 256 can be used. The resistance R is 
adjusted until, for the desired direct-ourrent excita¬ 
tion of the choke coil L», the same alternating voltages 
Ei «■ Ei are noted. Then for the negligible coil resist- 1 ** ** 

anoe L u - R/2rf if L a is in henries, R in ohms, and 
/ in cycles per second. The coils L a in Fig. 256 are 
auxiliary ohoke coils to reduce the alternating current 
as much as possible in this branch. The tube volt¬ 
meter must again use a grid condenser or sufficient negative bias, 
respectively, to eliminate the effect of the superimposed drop due to 
the direct current. Reference Is made to Sec. 117 for the determination 
of the slope inductance of very large coils. 



Wuh aw.—Dttaiv 
mlrmllon of Atop* iaduo* 
t&noft of ootta with m 
iron sort, 
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TUBE MEASUREMENTS 

The characteristic of a vacuum tube generally depends upon the relar 
tive position of the electrodes, their material and potential, and the degree 
of the vacuum. The mean free distance d m plays an important part in 
the vacuum. It is the average path between collisions for any given 
condition of a gas. By very high vacuum is understood such a low pres¬ 
sure of a gas, for instance, 10~“ mm of mercury, that the mean free 
distance d m is so large compared with the distances between electrodes that 
for normal operating potentials practically no collisions can take place. 
The mean free distance of a molecule of a certain gas can be computed 
from 


d m = 12.86^ (D 

where v is the viscosity of the gas in c.g.s. units, p is the pressure in milli¬ 
meters, T the absolute temperature (273+ centigrade temperature), 
and M the molecular weight. Hence helium at atmospheric pressure 
(p = 760 mm) with a molecular weight of 4.0 has at room temperature 
(T = 293° K) a mean free distance of only 25.2 X 10"“ cm, for p = 1 mm 
of 19.2 X 10~ 8 cm, and for p = 10"“ mm 19,200 cm. For nitrogen and 
oxygen at atmospheric pressure with M = 28 and 32, respectively, one 
finds 9.3 X 10“* and 9.9 X 10 "“ cm and for a vacuum as good as p = 10 -6 
mm, d m « 7100 and 7600 cm. For air under a fairly good vacuum— 
and better—nitrogen plays the most important part; hence for p = 10"® mm 
the value of d« is 7100 cm as for nitrogen and for p = 1 mm it would be 
7.1 X 10” a . When dealing with mean free distances of an electron, it is 
greater than for the atoms themselves, since the electron is very small 
compared with any of the atoms which may occur, and the mean tree 
distance can be computed from 


d ‘ ~ v. WD- 1 


( 2 ) 


if D denotes the diameter of the atom in centimeters and the number of 
atoms per cubic centimeter. Hence, for high-speed electrons, d t is about 
40,000 cm, if the air under a bulb is exhausted to 10 mm o mercury^ 
•In spite of such low pressure, there would still be about ®f^ f t 
molecules left for each cubic centimeter of space. The sp ^ 
electron must be taken into consideration in the above case, since it has 
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mass by virtue of its motion and the effective mass ascribed to energy 


W is 


M, ** 


W 


(3) 


if c is the velocity of light. This relation is the outcome of Einstein’s 
law which shows that electromagnetic energy has momentum and 
acceleration. This relation plays an important part in electron tubes 
For instance, if a cathode-ray tub© is used for very high accelerating 
voltages, for example, 60 kv (Fig. 30), the formula for the deflection PP L 


h if 

would not be PPi —where E is the voltage applied across the 
deflection plates and V denotes the accelerating voltage, but 


PPx 


HE 

oT 


F + $ ! 


. 8 wfo 


V + 2c* 


m 


(4) 


where all geometrical dimensions are in centimeters, w 0 denotes the mass 
of a slowly moving electron, and q its charge. Therefore e % ~ * 

a y io 20 

» 5,08 X 10 1 * e.m.u. For V » 60 kv accelerating voltage, 


17 a- 

+ C 7 0.6 X 10' + 8.08 X 10* _ n RO 

v + 2c 1 -? " &t8 X iFTTOf X IP * 0,53 

7 


and the formula for the dimensions PPi, a, b, and l in centimeters, the 
deflection and accelerating voltage E and V in volte, is 


PPx 


o,mm 

~oF“, 


while in the lower voltage range F is negligibly small compared to 
chn/q and for twice this value, the factor 0.8 is obtained, confirming 
the formula of Sec. (24). Therefore, it can be seen that if very high 
accelerating voltages exist, as, for instance, used to produce rays passing 
through a Lenard window (see page 84), it is necessary to us© formula 
(4), that is, to utilize the Einstein-Lorentz equation 


mgc■ 




Vq 

300 


which gives the effective mass 1 m, of an electron which is 


( 5 ) 


1 The energy given to tin electron in falling through a difference of potential F is 
According to H» A* Lorentss (V^rsL Km. A had. u, Wet* Anmlmlam, 1904 ) om mutt alao 
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m a 


8.99 X 10- 28 


,/l_ 

v v 

\ 

2.9982 X 10 10 


( 6 ) 


if m, in grams, v denotes the velocity of the electron in' centimeters per second' 
due to the accelerating voltage V in volts. Table XI shows that, for 
accelerating voltages V higher than 300 volts, errors of more than one-half 
of 1 per cent occur if the nonrelativistic velocity v = 0.6 X 10 8 v / F (voltB) 
cm/sec according to 0.5mot> 2 = Fg/300 were used. For accelerating 
voltages higher than 8000 volts the error would be larger than 1 per cent 
and if a tube is operated at 60 kv the nonrelativistic velocity would give 
v = 0.6 X 10 8 's/5"X _ f^ 4 “1*34 X 10 10 cm/sec which if compared with 
the corresponding relativistic velocity of Table XI (which gives 1.24 X 
10 10 cm/sec) shows that an error would exist as high as 8.1 per cent if the 


distinguish between longitudinal and transverse mass. With respect to the ratio of 
the charge q to the mass mo of an electron, it has been determined with methods 
observing the effects of Jne electrons, such as occurring, for instance, in cathode-ray 
tube® (H. Busch, Physik. Z., 28, 438, 1922; F. Wolf, Ann. Physik., 83, 849, 1927) or by 
means of spectroscopic measurements where one deals with bound electrons within 
atoms. Methods using high-frequency fields are due to E. Wiechert, Wied. Ann., 
89, 739, 1899, and E. L. Chaffee, Phyx. Rev., 34, 474, 1912; F. Kirchner, Physik. Z., 
30 773,1929 (using more or less Chaffee’s procedure and C. T. Perry and E. L. Chaffee, 
Phys. Ren., 36, 904, 1930). E. Wiechert carried on direct measurements of the 
velocity of cathode rays by timing their travel between two points by means of damped 
high-frequency oscillations. In the method of Chaffee, the cathode rays (electrons) 
were accelerated by means of potentials from 10 to 20 kv. Undamped high-frequency 
oscillations are used in order to determine the velocity directly by timing the 
passage of electrons between two localised electric fields (transverse high-frequency 
fields, using two deflection condensers of n specially designed cathode-ray tube). 
The two deflection condensers wore in the Perry-Chaffee experiments 75 cm apart. 
The velocity obtained, together with the expression for the energy imparted to the 
electron while falling through a measurable potential difference, gives the ratio 
q/m» which in the Perry-Chaffee experiments came out 

JL m (1.761 ± 0,G01)10 7 e.m. e.g.s. units 

mo 


sad is in aareement with the values obtained by Bpectroscopio methods, as, for 
H. D. Babcock (.Astrophys. J., 68, 149, 1923, and 69, 43, 1929) 

who finds 


JL « (1,700 ± 0.0012)10* e.m. e.g.s. units 
m 


as a mean value for certain selected lines in the spectra of chromium, zme, cadmium, 
and titanium. The value is not in agreement with the most accurate primous values 
obtained for free electrons, for instance (1.769 ± 0.002) 10 7 as found by 
In the Perry-Chaffee paper a possible explanation is given for the disagreement 
between the values of q/» to obtained by methods UBing either free or bound electrons, 
respectively. 
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Table XI 


7, in 
volts 

0 = 

V 

Relativistic 
velocity v 
X 10 w 
cm/sec 

V, 

volts 

0 

v X 10 10 
cm/sec 

V, 

volts 

0 

v X 10 t0 
cm/se& 

2.9982 X 10 10 

1 

0.001984 

0.00595 

1,000 

0.06267 

0.188 

60,000 

0.4474 

. 1.84 

10 

0.006266 

0.0188 

2,000 

0.08849 

0.265 

80,000 

0.5037 

1.61 

20 

0.008875 

0.0266 

3,000 

0.1082 

0.324 

100,000 

0.5486 

1.64 

40 

0.01255 

0.0376 

5,000 

0.1393 

0.418 

200,000 

0.6966 

2.09 

60 

0.01537 

0.0461 

8,000 

0.1754 

0.526 

300,000 

0.7777 

2.38 

80 

0.01774 

0.0532 

10,000 

0.1956 

0.586 

400,000 

0.8289 

2.49 

100 

0.01984 

0.0595 

20,000 

0.2227 

0,817 

500,000 

0.8638 

2.69 

200 

0.02806 

0.0841 

30,000 

0.3293 

O’. 987 

600,000 

0.8888 

2.66 

300 

0.03436 

0.103 

40,000 

0.3751 

1.12 

800,000 

0.92M 

2.76 

500 

0.04434 

0.133 

50,000 

0.4138 

1.24 

1,000,000 

0.9416 

2.82 


Einstein relation were not used. In high-voltage tubes, as experimented, 
with by G. Breit, M. A. Tuve, L. R. Hapstad, and 0. Dahl, 1 the relativity! 
relation must be used, since according to Table XI for one million volte 
-almost the velocity of light is reached. 

One may distinguish between tube measurements for the determlr 
nation of fundamental tube properties and measurements dealing with tube 
factors as utilized in high-frequency engineering. Methods for the former 
are considered first because they have a direct bearing on the methods; 
used in determining tube characteristics which should always be obtained 
for the actual tube condition. Several methods are based on bridge 
methods such as originally suggested by J. M. Miller 2 and by S. Ballan- 
tine. 3 Methods dealing with characteristic tube factors are described 
according to the tentative suggestions made by the various committees 
on measurements of the Institute of Radio Engineers. 

165. Experiments on the Richardson Equation and Determination of 
the Work Required to Liberate One Electron from a Hot Cathode.—The 

saturation current i a is given by the expression i 8 = KTh~ f where jt 
is equal to the surface of the hot cathode in square centimeters multi** 
plied by a factor 60,200 ma/(cm deg) 2 , i a is in milliamperes, T the absolute 

temperature of the hot cathode, and B = for q = 1.592 X 10“ Xi 

coulomb for the elementary charge, the Boltzmann constant h = 1.372 X 
10 16 erg/deg and $ the work function per unit charge. Its value 
then $ = 8.62 X 10~ 6 B volt where the value of B is given on page 40 
for different materials. From the above exponential law, 

1 Phys. Rev., 36, L 1261 and 1676, 1930. 

*Proc. I.R.E., 6, 144, 1918. 

3 Proc. I.R.E., 7, 129, 1919. 
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log, i, = log* K + 2 log, T — 


B 

T 


which, when changed to the logarithm of base 10, yields 
* logio i, — 2 logio T = logio'jff - 0.4343^ 


It has the form 


y = a — bx 


(7) 

(7a) 


The saturation current i, is measured with a milliammeter and the tem¬ 
perature T with an optical pyrometer. The quantity 
y is then plotted as in Fig. 257 against x. If a straight K 
drooping line is obtained, Richardson’s equation is valid. ^ 

According to (7a), the intercept a on the y-axis gives V. 
the value a = logio K, while the slope 6 = a/c = f 
0.4343R = 0.4343q$/ft is a way of finding the amount 
of work required to liberate one electron. The quantity I 
q $ represents the work expended in removing one elec- 0 
tron of charge q from the hot cathode. This work fig. 257.-—Test 
can be computed from the slope h = a/c by means of 011 Richardson's 
IT = g<t> = 2.303/c5 = 2.303 X 1.372 X 10- 16 b, by using equa 10IL - 
the formula i 

W - 3.16 X 10 -l6 5 ergs = 3.16 X lO~ M b joules (8) 

Since the work function <E> or the electron affinity represents the work done 
per unit charge ( not electronic charge), it is found from $ = W/q for 
q 1.592 X 10~ 10 coulomb, if W is expressed in joules. Hence, 

q? = 199 X 10 _{ 5 volts (9) 



156. Determination of the Equation of a Tube Characteristic. Sec¬ 
tion 12 shows how the equation for an experimental curve can be found. 

The characteristic of ordinary electron tubes 
follows the law 

X b l p — kE m . (10) 

m-$ w here I p denotes the plate current and E 
the anode potential with respect to the neg- 
tey e ative end of the hot cathode. The expo¬ 
rt,. 268. — Determination of the ne nt to is different for different portions of 
exponent m of Eq. (10). tu h e characteristic. If an ordinary 

three-element tube is considered, one may distinguish between two im¬ 
portant types of static characteristics 

I p as a function of E v for E 0 = cons) ( 11 ) 

I p as a function of E g for E„ = qons) 
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For one, the plate current is read off in dependence upon the plate poten¬ 
tial with the grid potential fixed. For the other, the plate current is 
noted with respect to the grid potential E gj and E p is constant. In each 
case normal filament excitation is used. From the curve plot I p as a 
function of the plate potential E (Fig. 258), it is noted £hat the small 
portion .41? which corresponds to currents which flow against small nega¬ 
tive-electrode and zero-electrode potential follows Maxwell’s distribution 
law, as can be computed from Eq. (92) on page 41. Hence, if log (/?>) 
is plotted against log (— E), a straight line with a slope giving the exponent 
will be obtained. For a pure electron discharge, “the portion B to C 
follows essentially the three-halves-power law for which m = 1.5 in 
Eq. (10), if E is below values for which I v reaches saturation current. 
Instead of Eq. (10) for the logarithm of any base, one can also write 

log I p = log k + m log E (12) 


Therefore, there is an equation of the form y = c + mx if c = log k and 
m denotes the slope. If the significant portion BC of the characteristic 
i/vwi __ is plotted to a logarithmic scale as 

3000 —258, the slope m = b/a will 
give the exponent of E in Eq. (10) and 

f y ^ i:::::::;;—/Wf fr° m the intercept c = log k on the 

'£ y-axis, the factor k can be found. 

S » Zri-many laboratories it has become 

—Jh»I» - -y-I Ilfj customary to plot I p against E p for 

£^l- | \ = cons * Several plots for different 

| oz —Iliy va ^ ues °f constant grid bias gives then 
0,1 s s s a means for estimating the proper re- 

s s 2 2 3 ? sistance load line. 

p a wattsxto ** 157. Determination of the Total 

Fig. 259.—Emission chart. x v* • rn t 

Electron Emission.—For ordinary 

three-element tubes, the grid and the plate are connected together and 
sufficient positive potential is applied with respect to the negative end 
of the filament to measure the total electron emission. Since for normal 
filament power (. E a J fl ), the total emission would be so much that the tube 
would be injured, the standardization committee of the Institute of 


Radio Engineers suggests that about 25 volts positive potential be applied 
to the grid and plate and readings taken for the reduced filament power 
P a = E a I a for which the total emission is 0.1, 0.2, 0.5, and 1.0 ma. 
If the four points are plotted on the special power-emission chart of 
Fig. 259, they should lie on a straight line, and the normal emission is 
obtained by extending the straight line to the point for normal filament 
power. If the points tend to fall below a straight line with the larger 
currents, it indicates that too low a positive potential has been used and 
the experiment is repeated with 30 volts instead of 25 volts. On the 
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. , „ X Indicator 

0 * 


other hand, if the points tend to lie above a straight line with larger 
currents, the vacuum of the tube is not good enough for a test in this 
manner. This procedure is due to C. J. Davisson who proposed the 
special coordinate system of Fig. 259, for which the abscissas are curved. 
The values of the abscissas may also be taken on a reduced scale, the 
heating power of the cathode for each square centimeter of surface and 
the values along the ordinate denote the corresponding saturation cur¬ 
rent. The coordinate system is so chosen that, if the emission follows 
Richardson's equation and the heat radiation 
of the filament is given by the Stef an-Boltzmann 
law, a straight-line relation must exist. 

Figure 259 shows also a method which 
follows essentially a scheme suggested by B. J. Fig - 260 ‘^^ e ^™ t matlon of 
Thompson. 1 It may be called an u instantaneous 

method," since, with the switch 8 on 1, a deflection d is obtained when a 
Helmholtz pendulum (page 62) closes a switch for about 10” 3 sec. 
The switch 8 is then connected on 2 and R varied until the same deflec¬ 
tion d is obtained when the pendulum switch operates. The emission 
current is computed from E b /R. 

158. Determination of the Shot Effect.—W. Schottky has shown 
that the emission current in a vacuum tube actually consists of a multitude 
of energy quanta reaching the plate. Therefore the energy quanta arriv¬ 
ing at the plate of the tube shown in Fig. 260 occur in jerks and will 
produce oscillations in the CL circuit by the method of impact. The 
electronic charges q arriving at the plate can then be computed from 
q =2 RCIx 2 /L The mean square value of the variable current Ii, 
according to A. W. Hull and N. H. Williams, 2 can be measured by the 
corresponding potential variations impressed on a shield-grid amplifier 
with a detector tube as the final stage. The deflection d of the indicator 
of the detector stage is then a measure for the h fluctuations. It is 
essential that the E b battery have sufficient voltage so that all electrons 
emitted by the filament reach the plate and that the period of the CL 

circuit correspond to the rate of electron bom¬ 
bardment usually existent in electron tubes of 
this type. The natural frequency lies in the 
broadcast range. In the Hull-Williams exper¬ 
iments it was at 750 kc/sec and the value 
of q obtained was the electronic charge. 

169. Determination of Ionization and Ra¬ 
diation Potentials in Electron Tubes.—A critical positive accelerating po¬ 
tential exists for which electrons will just begin to collide inelastically with 
neutral gas particles and produce ions. The current-voltage relation of the 

1 In a letter to Phya* Rev., 36, 1415, 1930. 

*Phy8. Rev . 26, 148, 1925. 
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tube from this critical potential on, which is also known m the “ minimum 
ionization potential,’.’ will show a quicker increase of current. If a three* 
element tube is used, as in Fig, 26 i, the grid to connected am ikh it potentiom¬ 
eter with the positive end against the grid. The power to supplied by a 
battery E c * 45 volts, while the ordinary B battery with about 12 volti 
is connected with its negative terminal toward the plate. The common 
return to the filament is first made by closing switch E on 1. If sufficient 
positive grid potential E ■» E% is chosen, some of the electrons will 
pass through the openings of the grid and ionise the remaining pa 
molecules between the grid and the plate, and a current / will flow, 
carrying the positive nuclei toward the negative plate. The same wilt 
be observed for a positive grid potential E ® A’a when E is on 2, and 0.5 
[JSfi + E%] will be the minimum ionization potential. 

If the potential in an electron tube eontaining traces of gases to 
raised to a critical value so that an electromagnetic radiation of a char, 
acteristic frequency (giving a spectral line) Just occurs, a radiation 
potential is dealt with, since the momentum of the electron is not suffi¬ 
cient to knock off an electron from an atom but will raise it to Home higher 
energy level. 

160. Determination of the Degree of Vacuum in Electron Tubes.-™ 
The succeeding methods are based on the fact that the plate current to 
in reality the result of two currents which flow In opposite directions. 
One current is the electron current /, which for good tube* ia considerably 
larger than the positive-ion current /+ produced by /„. The plate current 
is then J p « I, - I+. The positive current to produced by electron* 
which have sufficient speed to literate other electrons from the gas 
molecules and leave the positively charged nuclei free to move In the 
opposite direction toward the filament. Since positive ionisation 
increases with the number of gas molecule* in the evacuated bulb, the 
positive-ion current is proportional to the pressure of the residual gas. 
Since the number of impacts is proportional to the number of electrons 
emitted from the hot cathode, the current / t must also increase with the 
thermionic emission. Since the positive ionization depends directly on 
the space between the hot cathode and the plate, / f must, increase 
with the distance d between these electrodes. Therefore, then 1 is the 
empirical formula I v •* k dp I a where /„ denotes the negative current 
which flows to a positively charged grid and I p the positive-ion current 
attracted toward a negatively charged plate, anti p denotes the pressure 
of the residual gas in the bulb. The method of Fig. 262 in principle 
is the same as used in Fig. 261 for the determination of the ionisation 
potential. Between the grid and the negative end of the filament a 
voltage E = 150 to 200 volts is impressed with the pomtim terminal 
toward the grid. A negative plate potential » - IQ to -20 volts 
with respect to the filament is put on the plate. Therefore, the grid 
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will act as the collector of electrons, and h measures the electron current. 
Most of the positive ions formed by impact of electrons with sufficient 
speed will pass toward the negatively charged plate, and Ii is a measure 
for the positive-ion current. Since the distance d between the plate 
and the filament is fixed, it can be combined with the constant k of the 
formula given above, making K =* kd. The quality Q 
of the vacuum can then be computed from 


K 1 ' 

h 


KQ 


(13) 



F i a. 202.— 
Determination of 
the degree of a 
high vacuum. 



and Q must be as small as possible for a good vacuum. 

For the measurement of the positive current / 1 , a sensi¬ 
tive mirror galvanometer is conveniently used. A tube 
socket should not lx* used but the connections made di¬ 
rectly to the prongs of the tube, in order to avoid any leakage currents. 
The method indicated in Fig. 203 is convenient if the quality of the 
vacuum is to be determined for tubes of the same kind. E\ is 100 to 
200 volts and E% about 20 volts. With such voltages the currents 1 1 
and h can be read off directly with milliammeters. If a high degree of 
vacuum dotfe not exist, positive-ion and electron currents flow. The 
electron current passes from filament to grid and the positive-ion current 
from grid to the plate. The is meter indicates therefore in 
the negative sense, while the I \ meter registers in the con¬ 
ventional way. But if the vacuum is very good so that 
practically pure electron emission exists only, the current 
will pass from plate to grid and grid to filament and the .de¬ 
flection of the is meter also occurs in the conventional 
way. The vacuum is tetter, the larger the pure electronic 
current which passes through the 1% meter, if E% and are 
fixed and tubes of the same type are tested. The quality of 
the vacuum can also be found by means of the static grid- 
potential plate-current, characteristic for increasing and de¬ 
creasing positive grid potentials. The readings must be taken 
into the saturation region, since for a poor vacuum apparent saturation oc¬ 
curs but for somewhat higher positive grid potentials the plate current 
rapidly increases again. For a good vacuum, the increasing E„,I P charac¬ 
teristic coincides with the decreasing characteristic. But if the vacuum is 
not very good, a sort of hysteresis loop is obtained, the decreasing portion 
falling somewhat lower than the increasing portion. The residual gas 
in this case lowers the saturation. For a vacuum which is still poorer, 
the first part of the decreasing characteristic falls below the increasing 
portion of the characteristic; then the decreasing characteristic intersects 
the increasing characteristic in order to proceed above it toward the zero 
value. The positive ionization is then pronounced enough to neutralize 
somewhat the negative space charge. 


y 
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161. Experiments on Secondary-electron Emission and the Test on 
Power Tubes.—Secondary electrons can be produced by the impact of 
primary electrons with a metal surface. They play an important part 
in the dynatron of A. W. Hull 1 and may account for strange tube char¬ 
acteristics in ordinary tubes and especially in multiple-grid tubes. 
Secondary-electron emission begins with about 10 volts and reaches 
a maximum for electrode potentials between 250 and 800 volts. Lenard 2 
finds that this happens between about 400 and 500 volts, while Lange 2 
gives 600 to 800 volts and A. Gehrts finds 220 volts. Figure 264 gives 
the characteristic if either a dynatron (with a perforated anode due to 
A. W. Hull) or an ordinary three-element tube with more positive grid 




Far part BCDEFG secondary 
electrons are produced by irn- 
ip pad. These secondary elec - 

J5R— tronS flow ayomst primary electrons. 

primary electrons secondary electrons 
/The plate receives all electrons that 
Co/ are given off by the filament 
YySome of the primary electrons reach the 
'S plate and pr oduce the w/cated current. 


-Tip 


Fig. 264.—Action, of an apparatus giving negative resistance (dynatron). 


potential than for the plate is used. The characteristic is* obtained by 
choosing a fixed positive grid potential E g and plotting the plate-current 
reading l v against the positive plate potential E P . Figure 265 sho^s the 
characteristics for a pliodynatron which uses two grids, or one grid and 
perforated additional anode* A suitable positive potential E g % is kept 
constant as well as the positive potential E gh and I p is plotted against the 
plate potential. It is evident that negative resistance (— r p ) can be 
readily changed by means of additional grid voltages A E g and A E g + 
A EJ on the first grid. In the case of the tube constants, such as the 
negative plate resistance (— r p ) } one must distinguish between static 
and dynamic values. The latter play a part when dynatron oscillations 
are excited or ( — tv) is used to neutralize the circuit resistance either 
partially or entirely (for instance, in the method of Sec. 132). Charac¬ 
teristics as in Fig. 266 are sometimes obtained for transmitter tubes. It 
will be noticed that the grid current decreases from Pi to P 2 , which may be 
due to secondary-electron emission on the grid or primary-electron 
emission on the grid if the temperature of this electrode becomes suffi¬ 
ciently high. It may also be due to gases excluded from an overheated 
plate. In order to find out whether secondary-electron emission exists 


l Proc, I.R.E., 6, 5, 1918; for other work on secondary electrons, P. Lenard, Ann , 
Physik, 8 , 149, 1902; 12, 449, 1903; 16, 485, 1904; A. Gehrts, Ann , Physik , 36, 995, 
1911; H. Starke and M. Baltruschat, Physik, Z 23, 403, 1922; F. Tank, Jahrb. d * 
drahtl , 20, 82, 1922; B. van der Pol, Physica , 3, 325, 1923; H. Salinger, Z, tech, Physik } 
5, 96, 1924; H. Lange, Jahrb. d. drahtl ,, 26, 38, 1925; H. G. Moeller, “Die Elektronen- 
rohren, 33 Vieweg Sohn, Braunschweig, 1929, p. 245. 

2 Loc. oil. 
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or whether the two other conditions are present, a contact finger is rapidly 
rotated so that the grid is not cooled fast enough or any gas given off by 
the plate absorbed quickly enough during the short intervals during which 
the contact maker sweeps from segment 1 to segment 2. Hence, if gases 



Fig. 265.—The magnitude of the negative resistance can be varied by means of grid voltage. 

are given off on the plate or primary electrons are emitted from the grid, 
both milliammeters 1 1 and / 2 would indicate the same negative grid current 
corresponding to point P 2 . But if the grid gives off secondary electrons, 
the meter h registers a positive grid current corresponding to point Pi, 
and the meter / 2 a negative current ac¬ 
cording to point P 2 . If the tube is well 
evacuated, tube characteristics as in Pig. 

266 are generally due to the secondary- 
electron emission. Such a condition is not 


ran® 




o£b' 


Current 

r 



- Sjl 




266.- 


-Test for 
electrons. 


secondary 


always undesirable, since the grid-circuit Fia. 
losses in circuits with such tubes can be 
made small and the tube can be used to produce oscillations of much 
higher frequency. 

162. Determination of Static and Dynamic Tube Characteristics.-— 

Usually static tube characteristics are taken and dynamic tube con¬ 
stants, such as the plate resistance r p and mutual conductance g m , found by 
the increment method from this characteristic. The dynamic tube 
characteristic can either be derived from the static characteristic or 
obtained with the cathode-ray oscillograph. The static tube charac¬ 
teristic of a two-element tube is obtained by noting the plate current I p 
as a function of the plate potential E p . If an ordinary three-element 
tube is to be tested, several characteristics are dealt with, all generally 
having reference to normal filament excitation. The most important 
static characteristics give the plate had grid currents, respectively, in 
dependence upon the grid potential. The plate potential is kept con¬ 
stant. Sometimes it is also convenient to plot the plate current depend¬ 
ing upon the plate potential for a fixed grid potential. In a similar way 
the various static characteristics are obtained for multigrid tubes. It is 
customary in the case of two-grid tubes to keep one grid voltage constant, 
while the other grid voltage is varied, thus giving two different grid- 
characteristic curves for one tube. If the plate-current plate-voltage 
characteristic of a double-grid tube is taken, both grids are at suitable 
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fixed potentials during the test. The characteristic giving the filament 
current as a function of the filament voltage is taken with floating grid 
and plate potentials. (Grid and plate are not connected in a circuit.) 
For many purposes lumped tube characteristics are of value. It is the 
plot of the plate current as a function of the plate potential plus the grid 
potential multiplied by the amplification factor. If the cathode-ray 



toad 

Fig. 267.; Dynamic-tube characteristics by means of the cathode-ray oscillograph., 

tube, as in Fig. 267, is used to obtain the dynamic E p and I P) E„ 
characteristics, a sinusoidal voltage is impressed on the grid which is 
properly biased so that the amplified actions in the plate circuit vary 
about the desired operating point. If switch Si is closed and S connected 
to G, the I p , Eg characteristic is traced. The coordinate axes are obtained 
by alternately opening switches S and 'S%. The I p> E p characteristic is 
obtained when & is closed and S connected toward P. The impedance 
of the deflection coils D, D must be small compared with the impedance Z 
of the plate load. The plate load Z must be the actual load for which the 
tube is to be used. 

163. Notes on Important Tube Constants and Power Gain and Loss 
Determination.—The theory of electron tubes shows that dynamic 
values of internal plate resistance r„ mutual conductance g m , and ampli- 
ncation factor jj, are interrelated by 


A knowledge of any two, fixes the value of the third tube’factor. The 
static values R P and ,Q m can be obtained for a certain portion of the static 

coZuW f ° V T/l a S ? tablG point on the characteristic and 

r — de /A' m 1 -/" and u ~ is the dynamic values 

r p - de M and g m = di P /de 0 which are of most concern. They can be 

Thefirst method tube characteristic or by direct measurement, 
me first method, which is also known as the “increment method ” is not 

nr wiS audio-frequency supply and a telephone receiver with 
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rent values I\ and J 2 for slightly different values of electrode potential 
Ei and E*. Hence, if r v is to be determined, two values E\ and E% of the 
plate potential are read off near the operating point, as well as the corre¬ 
sponding plate currents 1 1 and h, and the internal plate resistance is 
computed from r p = (i?i — Ei)/(h — 1 2 ). Closer analysis shows that 
ytr/rj, denotes the quality of tube for amplification work. This can be 
understood also from Eq. (14). Suppose any device, a tube or any other 
apparatus capable of power amplification, then g = g m r v may bo taken 
as the generalized expression with g as the amplification factor, g m the 
steepness of the work characteristic, and r p the internal-output impedance 
of the device. Suppose for one device m = 10, g m — 1000 g mhos, and 
r,, = 10,00012. If the device is for a constant value of g m changed to 
one which has an amplification factor ju of only 0.1, it will still work 
satisfactorily if r p ~ 10012. Of course, in each case it is necessary to have 
both the input and output properly terminated and matched for maximum 
power transfer. This brings up the often difficult problem of how to 
ascertain whether or not one actually has power amplification. Some 
engineers prefer a reference power output P,, of some 6 mwatts, and 
refer other power outputs to this. Hence, 
if an amplifier shows an output P larger than 
P r , it is assumed that a gain occurs, while 
for P/P r < 1 a power loss is assumed. No 
doubt a reference value P r leads to simplifica¬ 
tion for certain comparison work, but it can j" 11 1 

never be used to determine whether a device -1 

actually amplifies in power. Figure 268 gives ri °’ 208, )7'^ 6 1 ^fcwork OWW Baln 
a test for power gain. The power transferred 

by transformer T for $1 open and 5 on 3 and 6 on 4 is fed into the indicator 
(for audio-frequency test, a set of phones). It is noted that the resistance 
(/ft + Pa) across the indicator is matched for maximum power transfer and 
the indicator must respond most. Next 81 is closed on 1 and 2, and the 
connections 3 on 7 and 4 on 8 are made. If the response in the indicator ie 
more than before, power amplification exists. For much of the work, 
Hi is chosen as low as 10012 and - 60012 in order to make the customary 
60012 termination. 

164. Determination of the Amplification Factor.—The method given 
in Fig. 269 uses two voltmeters to note the negative grid potential e 
and the positive plate potential E. The current meter d in the plate 
circuit is used only as an equal-deflection meter and a calibration is not 
needed. The tube voltages are chosen for the actual operation condition, 
normal grid bias e *» Si, and normal plate voltage ■ E ™ Pi. These 
values are read off on the respective voltmeters and the deflection d 
of the plate meter is noted. The plate voltage E is now increased to a 
value E% by means of the traveling contact K along the Eb battery and to 
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Fig. 269.-—Determina¬ 
tion of the static amplifica¬ 
tion factor. 


about a value which is 10 per cent higher than E i. An increased deflect 
tion on the plate meter will be obtained. The traveling contact h along 
the grid potentiometer is moved toward more negative potentials until* 
for a voltage e — the same deflection d is again 
obtained, and, the static amplification factor com- 

jU _ jjj 

putedfrom/i = —---• The static amplifica- 

02 ~ 0 \ 

tion for a fixed plate voltage E can also be ob¬ 
tained by increasing the negative grid bias e until 
the plate current just disappears, for which 
condition E — fie = 0 or fx — E/e. Since ^ varies somewhat for different 
values of E , it is better to find m f or several values of E and use the average 
value. 

The method of Fig. 270 is used to determine the dynamic value of the 
amplification factor jjl. The method is due to J. M. Miller. 1 A nearly 
sinusoidal current I of about 500 to 1000 cycles/sec is supplied to the 
potentiometer Ri + R 2 . The telephone receiver T should 
have a fairly low resistance. The procedure is as follows: 
The filament voltage is chosen for normal rating and the grid 
and plate voltages at their proper values. If e„ denotes the 
sinusoidal voltage which is impressed on the grid, the alter¬ 
nating-voltage drop across J2 2 must be equal to e G R 2 /Ri 

S —* and - is 180 deg out of phase with respect to the alternating 

plate voltage e v = \ie 0 . The 
traveling contact K is moved until 
silence is observed in T ) for which 
condition e g R 2 /Ri = jue p . The 
dynamic amplification factor is 
then computed from ix = R 2 /Ri. 

With such balance methods a 
single value only is determined 

for the desired normal grid and R 271 ._ Determination of 
plate voltages E c and Eb> The dynamic amplification factor, 
magnitude of the alternating grid compensation is pro¬ 

voltage must be such that the grid 
never goes positive in the cycle of the impressed alternating voltage. 
In the method of Fig. 271 a small variable mutual inductance 
M is provided to compensate any small difference in phase of currents 
caused by interelectrode capacitances or by slight residual reactances 
in the grid and plate branches. The filament, grid, and plate voltages 
are again set for the desired steady voltages. The resistance Ri and the 
mutual inductance M are adjusted for balance (silence in T) and the 



AuJt'o •fntq 
source. 

Fig. 270. 
Determi¬ 
nation of the 
d y n a mic 
amplifi¬ 
cation factor 
(d o t t e d 
branch only 
for r-p meas- 
urement ; 
otherwise S 
is open). 



1 Proc. I.R.E., 6, 144’ 1918. 



T (1 HE MBA BV HE ME NTS 


333 


amplification factor is computed from g — Iii/1Q. For an external plate- 
load impedance Z, the voltage and current amplification factors 
p.Z/(Z + and n/(Z + r,,) are obtained, which for a resistance load 
Z ** It give the voltage and current amplifications A„ = e„/e„ = 
pH/(It + r,,) and A, = /,/ (It + r„). These expressions give the alternat¬ 
ing-voltage and alternating-current output per volt input. For the 
power output per volt squared input, A„ = yR/(R + r„) 2 . 

'Fhe ratio of the watts output to the square of the effective voltage 
input is generally known as the “power sensitivity” of a tube. It has 
also been suggested (by S. Bnllantine and H. L. Cobb) that the square 
root of the power output divided by the effective value of the sinusoidal 
voltage applied to the grid be defined {is power sensitivity. Such a 
definition seems to be of advantage if loud-speaker tests are under con¬ 
sideration, since the sound pressure from a loud-speaker is proportional 
to the square root of the power rather than directly proportional to the 


power. With such a sensitivity definition it is then 
possible to compare directly the equivalent gains of 
two different types of output tubes of the same power 
capacity. 

166. Notes on the Determination of Grid Re- 

siat&nce.—The grid resistance varies very much and 
therefore should be determined near the operating 
point of the grid-voltage grid-current characteristic 
by noting the small grid current h for a grid bias 
Ei and the current Is for the bias E%, where the fixed 



Fro. 272.— Doier- 
mination of dynamic 


grid bias E, is about halfway between E\ and I<h, Krid ro8iHtttnoe *>■ 


Then r, - (Ei - E»)/(h - Is), This resistance is generally very 


high if a proper grid bias is chosen and the amplitude of the impressed 


alternating voltage e, is comparatively small. From the above formula 



fm* 378.-*“Dttltr* Fm. 274,— ^©termination of r p , 

mtafttlon of dynamic 

itlid.it rtmiattuimi* 


it is evident that for the saturation region Zi - U and r„ => °o or nearly 
mi, a fact which is important for certain work. The dynamic grid 
resistance can also be found with the ordinary bridge method of Fig. 
272. The bridge must then be carefully designed, since high resistances 



334 


HIGH-FREQUENCY MEASUREMENTS 


are to be determined. For many cases the input resistance must be 
measured under the actual conditions, that is, at high frequency, and a 
suitable method in Chap. IX should be used. 

166. Determination of Plate Resistance. —The increment method 
for the determination of the dynamic plate resistance r p has already been 
described in Sec. 163. Figure 273 gives the simple Wheatstone bridge 
method. The bridge balance is again made for the desired steady 
operating voltages of the tube. Figure 274 gives the bridge method 
with a small mutual inductance M which is also provided for the com¬ 
pensation of any slight difference in phase of the currents due to inter¬ 
electrode capacitances and residual reactances in the plate and grid 
circuits. The voltages E a , E c , and Eb are set at the desired values and 
Ri at the value found in the test of Fig. 271, for which fx is determined. 
The settings of R 2 and M are varied until silence is noted in T for which 
condition r p = 100i? 2 . If the circuit of Fig. 270 is used, the dotted 
branch is also employed by closing the switch S . The alternating plate- 
current component is then i p = ne 0 /(r P + R 3 ) and when the telephone 
receiver indicates balance (silence) 

pRz r p + R 3 R x e ° 

since the voltage drop in R 3 and Ri compensate each other. Then 


r-n — 


yRi 

i?2 


R 3 


and for R x = R 2 the formula r p = [fi — l]j? 3 . 

167. Determination of the Mutual Conductance of a Tube.* 


-Accord¬ 


ing to (14), this quantity can be computed after the r p and ft of a tub6 


have been determined. 


r 

A.F. 

Source 

L_ 


Rg * 


© 


Amphfter 


It can also be determined by the increment 
method from the I v curve as a function of the 
4 grid voltage E a by using the two values Ei and 
E 2 of the grid bias in the neighborhood of the 
operating point and the corresponding plate 
currents Ji and 1 2 and computing g m = 
(1 1 — E)(E l — E 2 ). If a number of plate- 
characteristic curves ( I v as a function of E p 


Fig. 276.— Determination of and each curve for a different grid bias) are 
the dynamic mutual conductance available, the difference in plate current be- 

e *" tween two neighboring curves for the desired 

plate potential to the corresponding difference of grid bias will 
give the value of g m as above. With the circuit of Fig. 275, the 
dynamic value of the mutual conductance can be found directly. The 
traveling contact K is moved along the potentiometer (R l + R 2 ), which 
may be a slide wire, until the sound in T disappears. The alternating- 
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current components i and i P arc then such that the voltage drop across 
(Hi + Ha) is zero; that is, Hi , = But g m = di p /de g and for the 

linear portion i p = g m e u = gjld and g m = Ri/(RA) in mhos, if the 
resistances are in ohms; Figure 276 gives a circuit for the determination 
of g,» for screen-grid tubes. The proper direct, 
voltages E a , Eh, and E, u , as well as E n are 
applied and R, is varied until the telephone W r - (^ Y- - ^ -x ' 
receiver T registers silence. The mutual con- * " p— 
duetance is computed from g m ~ Ri/(R t Rz). 

It is then customary to make R 3 - 1000 ohms ^ -> e&\l* 

and /t’.n * 100 ohms and compute from g m (mhos) XPT 
* 10/ifi if Ri is in ohms. jiallttf—‘—— : 

168. Determination of the Detector Action of [ f .T 
a Three-element Tube. The method shown in Fla> 276 .~Determi- 
Fig. 277 is based upon the application of a com- nation of the dynamio 
pletely modulated high-frequency voltage. The tube? ° m ° f a double " grid 
audible voltage in the plate circuit is compared 

with a known voltage of the same frequency. A detector sep¬ 
arates t lie high-frequency from the audio-frequency component. 
Therefore the detector action is better, the larger the audible 
output component. For many detectors the audio current in the plate 
branch increases with about the square of the impressed grid voltage 

unless linear detection is provided. 




Jiww t Pffe ^ 
Ay* 

mi, 


l>#terminittion of fckn d«t»otor 
iiriiou of n, tubi. 


and Rt a decade box (0 to 10,0000). 


The square law holds only for a 
limited voltage region. The resist¬ 
ance R is low, about 10 to 30 ohms 
(short piece of constantan wire sealed 
in a glass tube). The impressed 
voltage e a can then be computed 
from the current reading by means 
of i R. The resistance R, denotes a 
decade resistance box (0 to 1000 it) 
E denotes a tube voltmeter 0 to 150 


volt*. The voltage across R\ can then be computed. An ordinary' 
contact rectifier k and a milliammcter (about 1 «= ma full-scale deflection) 


is used to note the amplified audio-frequency voltages coming from either 
the out put of the tube under test or the comparator circuit. An output 
transformer is used in the plate branch of the two-stage amplifier. The 
audio-frequency source which gives the known voltage of the comparator 
is also used to modulate completely the input voltage of the tube. The 
lube generator which supplies the modulated high-frequency voltage 
use* an HOC- or a 1000-cycle voltage In the plate circuit of the high-fre¬ 
quency generator. An effective voltage of about 100 volts is used and 
by means of a step-down transformer about 25 volts is applied to the input 
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terminals. Screening is very essential in this work and the high-fre¬ 
quency generator, which is not shown, should also be under a screen and 
at least a few meters from the teat circuit. The process of measurement 
is as follows: 


1. The modulated high-frequency voltage is applied and the effective grid voltage 
computed from «, - ill. This voltage occurs when the input circuit is tuned by 
means of C, for which condition it maximum deflection d to obtained with the output 
indicator connected against the terminals, 

2. Tha double-pole double-throw switch to then connected toward the comparator 
and Ri and R t arc varied until the same deflection d to obtained. The voltage mrnm 
the telephone receiver to then t, - RR\/(,Ri + Ri) and the detevtor action equal to 
e p /e„\ 


The telephone receiver T is used only if it represent* the actual load 
of the detector tube. It is essential that the actual load be used because 
the action of the detector also depends upon the external plate load. 
The same method can also be used for the power detector. The square 
law no longer holds then and a very large voltage range can to covered. 
If the detector action of several tubes is to be compared, a suitable 
modulated high-frequency voltage Ei in impressed on the detector and 
the audio-frequency output voltage E% noted. The ratio E%fB\ is a 
measure for the detector effect. It has become customary to use a 30 
per cent modulated high-frequency voltage. It should be understood 
that for a fair comparison the tubes must work at the most suitable 
operating point. If a linear detector is under teat, the 
output voltage E% should be substantially proportional 
with the carrier voltage for the entire useful range. 


|-E=0. — ft p PC Ltetf 


fenfr 1 




AC If the tube works along a nonlinear portion of the 
characteristic curve, the modulated high-frequency 


Fki, 27B.^“Dofcer» 
mitmfcitm of donroo of 
roofciflo&fcfcm, 


current producing the input voltage is converted into 
a modulated direct current. 

169. Determination of the Form Factor and the 
Rectification Action of a Two-element Tube.—In Pig. 
278, I, denotes a dynametrie type of current meter and /« a direct- 
current meter. The form factor is then found from F • /,//„ and the 
rectification action from | ■> This method no longer holds when 

the tube capacitance plays a part. 

170. Determination of the Efficiency and Rectification Action of a 
Loaded Rectifier Tube.—The efficiency n in percent age ia given by 

100^“° Power in output 
71 * a-c power in input 


The power W «■ El cos <p delivered to the input can to found by a suit¬ 
able wattmeter. The form factor F and the load resistance H give the 
power output [hyF^R. and 
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_ m[i„ f]*r 


(15) 


For the rectification action ( of a rectifier (in percentage), 

P „ 100 useful current in d-c circuit _ „J. T 

possible alternating current inthisHrcuit iUU J 


(16) 


The quantity /.* is read off on the direct-current meter in the output 
branch and / denotes the reading of the I, meter of Fig. 278 if the tube 
is short-circuited, that is, the valve resistance R v encountered by the 
rectified current is equal to zero and no rectification occurs. In the most 
general case (of an imperfect rectifier) with a small inverse current h 
in addition to the desired current 1 t (which is in some way true in electjon 
tubes, since a current flow is possible against Bmall decelerating poten¬ 
tials), the ratio of useful current to possible current is 


I 



0.5t/i - h) 

Tf . 


h-h 

'WI OM 


(17) 


where or is the peak factor of the rectified current. Hence, for an imper¬ 
fect rectifier, the roc 'ficatfon ability is computed from the ratio /»„//. 
Moreover, /»** - E, m * It and h » E m% /{R V + R), since I m « 1=3 !%/2 
denotes the maximum value of alternating current for the tube short- 
circuited, and 1 1 the maximum positive fluctuation of the rectified current 
which is dependent upon if,. The 1$ effect is very small and if neglected 



+ R) 

W EZ* ~ 
~3T ' 



Bineo F - /,//» we have the formula 


I 


50/.* 

t » * bV 

1 «*je 


(18) 


from which { can be computed, since /»* and /. are read off and R v can be 
measured. 

171. Determination, of Interelectrode Capacitances.—Reference is 
made to Sees. 12, BE, and 10(1 for details. The direct interelectrode 
capacitance between grid Ind plate is C m between grid and filament 
(\ h and between plate and filament C P/ . These capaoitances are the 
values determined on a tube without tube socket. Then 


I’* m Cgg, + C a /‘, C p m Cpp + Cp/', C/ ** C a / + C P / (19) 

where C„ Cp, and C/ denote the grid, plate, and filament capacitances, 
respectively. C. t t hen denotes the sum of the direct capacitances between 
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the grid and all other conductors of the electron tube, C p the sum of the 
direct capacitances between the plate and all other conductors, and 
similarly for C/■ One method of finding the values of C*/» ( g ,,, and C P f 
is described in Sec. 12. The Committee on Standardisation of the 
Institute of Radio Engineers recommends that the direct capacitances 
rather than the total capacitances be measured. In order to avoid one 

electrode’s floating In potential, circuits 
as in Fig. 279 are used. No direct volt. 
*#fff age* are present and the filament is not 
lighted. In the bridge method of Pig. 
279 the moat important direct capacitance, 
namely, C tm is determined, A 1000-cycle 
source is employed. The resistance R 
balances the capadtanoe {?,/ which is in 
parallel with R% and correct* any other 
disturbing phase shift which may exist 
Pi«. 379.—Determination at grid- in other branches of the bridge. For 
plate eapMitMM. balanced bridge C„ - CAi/fo. In con. 

neetion with Pig. 172 another bridge method is described. Tubes man¬ 
ufacturers often carry out the measurements without tube sockets, since 
the kind of socket to be used is not known. However, in the laboratory, 
the capacitances should be determined with the tube socket to be 
used in the actual work, 

172. Notes on Testing Receiving Apparatus. -Tula* must la* tested 
in the actual circuit and it is therefore necessary to take tnuumWcm 
characteristics of circuits including tubes. Such circuit* then combine 
stages of high-frequency amplification, a rectifier or detector stag**, and 
stages of audio-frequency amplification. Many receiver* utilise complete 
battery elimination besides, which makes a test on alternating-current 
hum necessary, Distortion may be due to nonlinear portions of the 
dynamic work characteristics. It is necessary to test for high-frequency 
amplification, for audio-frequency amplification, and detector action 
under the actual conditions. In many eases it is also desirable to 'have 
methods for obtaining the transmission characteristics of input, inter¬ 
stage, and output coupling. 

The determination in phynotd terms of the sound output of n receiver to by no 
moans simple, as can be readily understood from tins diagram of Figs. MO and 281 
which are the outcome of investigations by H. Fletcher and E.L. Wagel'an the normal 
ear. It can be seen that ono must distinguish between a limit fur which sound a*n 
just be heard and a limit for which it is ao jhttonse that pain to caused in the ear and 
that the respective limits vary with the audio frequency, Koch tier's law for the sensa¬ 
tion S of loudness (relative sensitivity of the t-ari to 

S m n logm p + b (39) 

if V to the excess pressure. The factor a depends upon the frequency and b upon both 

1 Phyn. Rm., 10, S83, 1922. 
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the frequency and the threshold pressure. For very loud sounds, 5 at a logio p and 
practically a logarithmic law exists. According to D. MacKenzie, 1 the above relation 
in more convenient in the form 

login pi « Ki + iCa login P% (21) 

giving 

20 login p m sensation unit \ 

20 log to ^ as sensation level ( 

Jh 1 


if pt denotes the threshold pressure. By sensation level is meant the number of 
sensation units needed tq reduce the loudness to the threshold value* Prom (22) it 



Pin. 280,—Air displacement due to sound waves, 
can he soon that the sensation level can be expressed in decibels. Tim decibel in this 
case then given the phymkgwtd response of the ear and corresponds closely to the 
minimum perceptible change in loudness if 
the sound wave is pur* harmonic. For * 
complex sounds, m m usually the ease,, protw 4 ThmhM fating 

ably 2 to 8 db corresponds to the minimum %J om 
change otwerved by the normal ear. For | 
this mason, it Is also convenient to express | 
the output elmraetorlsticis of the final tuba' | 
stage in decibels rather than in voltages, 

Moreover* if p denotes the sound pressure | om\ 
in dynes per centimeter squared at a certain § & 40 m me 

place in air, the flow of energy in ergs per ® Threshold mdiMfy 

centimeter squared during each second is wfM . ., , ,. , 


\M\m immmem 

64 ZH/to# 4096 m$ 
Threshold &udibt/ity 


p'/tf* wfuw lt " " * v “ the *P efliflo W50U«tio ttue jibuity 28 for sej und^wave/ of* differ on t 
rnwtstnnvii in itranm per aw cm*). I ha pitch, 
quantity c « 243,3 X 10* ctn/aoe is the ve¬ 
locity of sound in dry air at room temperature (20® C) for atmospheric pressure (760 
mm of mercury) and p » 12 X IQrtg/em'i* the density of the sir for these conditions. 

* l*hy*. Hmu 20, ill, 1022; also G. W. Stewart and II. B. Lindsay, "Acoustics,” 
IX Van Ntwtmnd Company, Mew York, 1030, p. 224, V, 0, Knudsen, Pliyu* Rev.) 
19, 201, 1022, a ml II, 84, lilt, published experimental data on the Feohner-Weber 
law, Krehner’s law is based cm Weber’s law that the increase of stimulus to produce 
the minimum pereeptibls ineraaso of initiation is proportional to the stimulus which 
existed before, lienee having a certain sound intensity the increases is 88 « h8l/J 
if / in the in tenuity of stimulus mid 8 the magnitude of sensation. Hence 8 ® k log* L 
I/// in a function of intensity / and can bs found experimentally but it is not possible 
to mssaure 8 directly. 
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Hence W * p*/Rn *» 241 X 1Q*“ 4 erg « 243 X I0“ n wall, mi 


W * 243 X 10~V (28) 

where W ia expressed in microwatts and p in dym* pr nqism centimeter. This in 
a vary useful relation for electroacoustic work, If materials oilier than air mm «m. 
earned, the numerical factor is different and mm he computed from * nod p for tbs t 
particular material Assuming that a prrnmrn change p • ± hi X dyne/em* 
can. be observed by the normal ear, then according to (23) this would In* rqtuvaknt to 
only 243 X 1CT 8 X l.fi* X 1(T* » i.40 X 10 9 m watt. M«tr*»v#r t it m im'mmmy to 
distinguish between the absolute and practical value of the eHctaney of an dmtm« 
acoustic device connected in a tube circuit. The absolute Mtotonvy is an mprmskm 
either in percentage or in decibels, found from the ratio of the output of the deetie- 
acoustic apparatus to ha tested to that of a perfect dmimmmmtk device. Htaee the 
latter is practically not attainable, the stafidaniiMtion rommittee of the Institute 
of Radio Engineers suggests the practical ©ffidericy with respect to a rdfwuoedmstm- 
aooustic device. Thus, if the efficiency of a telephone receiver in to b# determined, 

the ratio y V|f h used to find the efficiency either in pmstitage or in decibels, respec¬ 
tively. Bi is the voltage in series with the test telephone reedvwr and a nmmimm ft, 
which is equal to the Impedance for which the receiver i§ dMgned . St k the voltage fan 
scries with the reference receiver and the resistance R% in series tor which the reference 
telephone receiver is designed. The voltage Si m adjusted in the experiment until the 
same intensity of sound is observed m ter the inference receiver employing a volt* 
age E%. It is im porfean t that a suitable point in the sound field be chosen. 1 ti the Mm# 
way, if an electroacoustic transmitter, ter instance* a microphone, In to be tented ter 
the practical efficiency, the test transinitter it at first connected to the input tube of 
the actual audio-frequency amplifier ami the voltaic M% noted which is produces! by the 
transmitter across the grid and the filament when a deeixed pure sound afifoets the 
transmitter. A reference transmitter Is then connected to the amplifier anti the volte 
age Mt noted across the grid and the filament of the input tube if the mm# sound 
conditions prevail, and the ratio Mt/E* is used, tor oomputtag the efficiency in per¬ 


centage or in decibels. The number of decibels art found from 20 tog 


it 


tr * 


In deter* 


mining the gain of an audio-frequency amplifier the mtto p of the voltage output to 

voltage input in meemned for different ttmpmmm 
and the decibels computed from SCI togtt p as 
described to 8 m« 174, 




Wm. 282,—Lumped aerial L%RC 
and input set up for a rectivor 
test. 


As input circuit* for receiver Uwt* the 
standardization committee of the InstJU 
lute of Radio Engineer* recommend* a 
lumped dummy antenna made up of L% m 
20 nh, C » 200 ^/uf, and ft *» 28 ohm*, a* 
shown in Pig, 282, for the broadcast range. The voltage E impressed 
on the set can then be readily adjusted by either the current /, the 
mutual inductance M between L\ and L tt at both. The equivalent 
electric field strength is then 


6 - «*»" „v„U,/m 


(24) 


if / is the high frequency in kilocycles per second M measured with 
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one of the methods in Chap. VIII and expressed in millihenries, the 
current I through primary coil h in microamperes, and i t = 4m the 
equivalent effective height of the dummy antenna. Hence, E = 6.28/MI 
equal to 4 n volts would correspond to a field strength of 1 juv/m, which is 
a value only sufficient for very sensitive receivers. (For urban areas 
5 to 30 mv/m are considered necessary in order to raise the signal level 



Fw. 283.—Input set up using an attenuator. 


sufficiently above a high static and other noise levels. In rural districts 
100 juv/m is sufficient.) Figure 283 shows a standard input circuit for 
which CLR again denotes the dummy aerial. Instead of the variable 
transfer inductance M of Fig. 282, an attenuation box (for details see 
Sec. 36 and Fig. 53) with a load impe¬ 


dance Z m is used as a coupling. For the 
broadcast range R + R n — 25 ohms if 
R also includes the resistance of L — 
20 juh and C = 200 nyl and 

S = ^volts/m (25) 

where a is the attenuation factor of the 



Fig. 284.- —Determination of the 
degree of pulsation in a rectified and 
filtered current. 


attenuator, I in microamperes, and h again equal to 4 m. If the 
attenuator is calibrated in terms of voltage and includes the impedance 


Z m , then 


g = ^volts/m 


(26) 


if E a is the measured voltage in volts. Hence E = aE 0 n volts. 

173. Tests for the Smoothness of Rectified Current and for Output 
Hum. —Oscillographic records are not sufficient, since it is impossible to 
notice pulsations of less than a few per cent if the 
t rectified current coming out of a filter is investigated. 
The tube-voltmeter method of Fig. 284 is simple and 
has sufficient analyzing power. By means of the 
tion toat iat " r " auxiIiar y voltage Ea and the potentiometer, the steady 
voltage E can be determined by the compensation 
method, while any superimposed variable voltages e are measured 
with the tube voltmeter. The tube voltmeter is then best calibrated 
in maximum values of e and the ratio 100 e/E gives the percentage 
effect of any superimposed ripples with respect to the desired steady 
voltage E. The procedure is then as follows: Switch S is closed 
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and the traveling contacts along the potentiometer moved un«l 
the .microammeter reads zero. The reading K i* then propor¬ 
tional to the direct current I. The switch 8 is then opened 
and e found by means of the tube voltmeter. Figure 285 gives a well- 
known method for the determination of the distortion factor l) of a 60- 
cycle supply line. The resistance R is chosen equal to l/(8.28 X flOC) 
if C is in farads and It in ohms, and such that the 110-volt supply gives 
a suitable reading on the current meter /. If no harmonic* are present, 
the reading of I must be the same whether 8 is on t or on 2. But, with 
a higher harmonic content, the reading / « U for 8 on l is somewhat 
larger than the reading I «■ h for 8 on 2 and D «* hfl% denotes the 
distortion factor which should not be appreciably larger than 1.05. As 
can be understood from the remarks in See. 172 (acoustic effects on the 
ear), the output voltage existing across the terminals of the final tube 
stage is not an indication of the quantitative effect 
on the ear. The electroacoustic response charac¬ 
teristic shows that higher harmonica of the 00-cycle 
hum are emphasized, 

174, Tests of Transformers Used In Tube Cir¬ 
cuits,—Input, interstage, and output transformer* 
in tube circuits must be tested under actual con¬ 
ditions. Therefore it is necessary to provide a 
superimposed direct-current magnetization as in Fig, 
288 if it exists in the actual ease. A tube voltmeter, 

jl t uii 4 &ou* w 4 , rnn&* * 

mieaion-eharaaterktk as indicated, can be used or a cathode-ray tube as a 
tMt- voltmeter utilizing one deflection condenser. The 

switch S is connected to a and b, and the primary voltage K j measured. 
The steady voltage due to the superimposed direct current / is balanced out 
by means of the potentiometer acre* the auxiliary voltage E«. The switch 
S is connected cm c and d, and the output voltage B* measured. The meas¬ 
urement is carried out over the entire audio-frequency band and it is con¬ 
venient to have the input voltage E\ const ant. This can be readily 
done with the traveling contact K along the potentiometer arrow the 
audio-frequency source. The ratio J? s /j?, for input and interstage 
transformers should be essentially constant, which, of course, can only 
be approximately obtained for a certain frequency range. If two 
stages of audio-frequency amplification with transformers are employed, 
it is best to determine the voltage ratio for both stages including the tube 
effects with a method similar to. that shown in Pig, 288. For an output 
transformer the sensation units (Eq. (22)1 must, la* taken into account 
if a telephone receiver or a loud-speaker forms the load. The trans¬ 
mission characteristic should then be plotted in decibels against the 
audio frequency. If E\ denotes the voltage between the grid anti the 
filament of the output tube and E% the voltage acting across the telephone 
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receiver or the loud-speaker the number N of decibels for the entire stage 
li 

isN ~ 20 logm g*- If, for the entire useful audio-frequency band 50 

to 10,000 cycles/sec, the number N does not vary by more than about 
3 db, it may be said that the output stage is very well designed, since 
for complex sounds which come from loud-speakers 2 to 3 'db are about 
the smallest change noticed by the average ear. Of course, such a good 
frequency characteristic will not always happen, but it can often be 
obtained without the redesign of a fairly „„ , , 

good output transformer by connecting .—- A q t - | 

suitable resistances either across the in- / , a. , / r_ ** 

put, or the output coil (depending upon '***"” | , , 3 _| 

the transformer), or across the grid of tho I-- 

last tube. A peaked characteristic may 

then be flattened out. The number of _ T . /—:—* . 

decibels nr© Riven in I able XVII at the pUfkmticm by moans of an atten- 
end of the book. If the ratio E t /Ei < uation box - 
1 as for dynamic loud-speaker outputs, the ratio Ei/E% is used. 
It is of no concern whether E$/Ei or its reciprocal is used, since the change 
of the ratio only is of interest. Table XVII can be readily extended. 
Thus, if the voltage amplification of an audio-frequency amplifier is 
0540, then 0540 * 0.54 X 10 s . From the table, the voltage ratio 

tp 

,6.54 gives 16.31, and 10® according to JV = 20 login vr gives the value 

■El 

3 X 20 and the number of decibels is 60 + 10.31 -> 76.31 db. The test can 
be simplified by using circuit of Fig. 287. The attenuation setting is 
varied until for a setting N db the same deflection d is produced on the 
tube voltmeter whether switch S is on 1 and 2 or on 3 and 4. The 
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voltage across P\P% is then equal to Et and the gain in the amplifier is 
equal to the loss N in tho attenuator. The attenuator then gives directly 
the number of decibels for the particular audio frequency. 

176. Determination of Audio-frequency Amplification.—-In the 
method of Fig. 288, an audio source whose frequency can be varied is 
used and the audio current I adjusted by means of R in order to apply 
about Ei - 0.1 volt to the grid when the switch S is on 2. A deflection 
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d is then produced on the tube voltmeter. If / = h and the resistance 
r ~ Tl of the input potentiometer is used, the input voltage is E i «= hri. 
The switch S is now connected on 1 and r is increased to some value r% 
and / to some value / 2 until the same deflection d is again obtained. The 
product J 2 r 2 then gives E 2 and the voltage amplification is E 2 /Ei = 
hr*/(Ii r x ). 'If only one stage of amplification is to be determined in 
this way, for which the amplification is not so large, the constant current 
method can be used. It consists of choosing the traveling 
——• | contact K along the slide wire A B close to A and so 

that AK is equal to a length h. The resistance R is varied 
I j 1 d until with S on 2 a suitable deflection d on the tube volt- 

^ _ meter is obtained. The switch S is then connected on 1 

ej ft? A an d K moved more toward B until for AK = U the same 

r deflection d is again obtained. The ratio 1%/h then denotes 

u f the stage amplification. The determination is carried 

YiT™ 289 — ° n ° Ver en ^ re au dio-frequency range. A somewhat 
D e t erm in a t i on different method is shown in Fig. 289. The tube volt* 
of voltage am- meter is connected across c, d and I is varied until a 
suitable deflection d is obtained. The tube voltmeter is 
now connected across the output a, b of the audio-frequency amplifier 
and R is varied until the same deflection d is obtained. The voltage 
amplification of the amplifier is computed from 

A = + Ei + Ra) / 97 s 

Ae RiR* (27) 


E 2 R% 

Since — = _|_ jrj -jr— ^ or anc ^ about 0.1 ohm, 

R H- Ri ■+■ Ra R -I - i? 3 

that is, negligible in comparison with the comparatively large variable 
resistance (decade box) R, there is the total voltage amplification A* =» 
kR for k = Rz/iRiRa). The circuit of Fig. 287 can also be used to find 
the voltage amplification Et/Ei of the amplifier from the relation N — 20 
E 2 

logic jr if V denotes the number of decibels used in the attenuation box 
to produce the same deflection d for S on 1 and 2 or $ on 3 and 4. For 


this work it is more convenient if the attenuation box (for theory see 
Sec. 36) is calibrated in terms of damping a. Since for equal deflections 
the voltage across PiP 2 is P 2 , for a corresponding damping setting of the 
attenuator, = Eie a . Since the voltage amplification A„ = E^/Ei, 
this ratio can be computed from log 10 A e = a/2.303. The fixed and 
variable attenuation-box method shown in Fig. 79 and described in 
Sec. 54 in connection with the determination of very small currents 
can also be used. Whenever an attenuation box is used, it is necessary 
to load it with a resistance equal to the characteristic resistance of the 
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box. For speech amplifiers the input of the amplifier is often either 
500 or 600 ohms and standard attenuation boxes can be inserted in the 
circuit as shown in Fig. 287. If the input impedance is, however, 
different, it is necessary to insert an unsymmetrical network between 
the attenuation box and the amplifier in order to avoid reflection losses. 
Unsymmetrical networks may be either a special transformer or, for 
instance, an unsymmetrical T-section (Sec. 36). A vacuum tube can 
also be used as an unsymmetrical network. In all cases the transmission 
loss in the unsymmetrical network is known and forms a part of the 
added attenuation by means of which the amplification is determined. 

176, Determination of High-frequency Amplification.—A modulated 
high-frequency voltage is applied to the test receiver. For broadcast 
receivers it is customary to do it by an artificial field intensity which 
is 30 per cent modulated at 400 cycles/sec. Oscillators as described in 
Sec. 14 can be used. 1 If the degree of modulation is of importance for 
a certain test, it should be measured, since, for instance, an audio-fre¬ 
quency modulation of 1 kc/sec with the ordinary method of having an 
audio-frequency generator acting on a high-frequency source may give a 
considerably different degree of modulation for different carrier fre¬ 
quencies from that anticipated. Modulations of carrier frequencies 
which are low (for instance, 25 to 50 kc/sec) for modulation frequencies 
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Fia. 290,—Production of a small known input voltage e. 


as high as 1.5 kc/sec and higher give entirely different results from 
those met with in the broadcast band with customary signal generators. 
It is then best not to use tuned plate loading for the final circuit which 
delivers the modulated high-frequency current. 

The high-frequency voltage E applied to a test receiver may be applied 
as indicated in Figs. 282 and 283 or by means of a frame aerial as in Fig. 
290. The modulated high-frequency current is noted by the I reading 
in microamperes. If d denotes the distance (large compared with the 
dimensions of the loop) in centimeters, N the number of turns of coil 
L of diameter 2r in centimeters, and 9 the angle between the axis of the 
loop antenna and the line between coil centers, the equivalent high- 
frequency field intensity is 

g «= cos 6 javolts/m (28) 

yV 2 + d 2 ] 8 

i Portable signal generators for broadcast frequencies are commercially available. 
A good design is also described by R. 8. Kruse, Electronics, 1, 295, 1930. 
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This is the circuit recommended by the Standardization Committee of 
the Institute of Radio Engineers and is especially useful when used as a 
comparator for the determination of received signal currents, It is then 
customary to couple the coils as shown in Fig. 290 for which cos 6 = 1, 
If an attenuation box is used (with resistances along and across the line) 
with a terminating impedance Z m as in Fig. 283, the high-frequency 
voltage is transformed into the frame aerial by connecting the transfer 
impedance Z m in series with the loop at a point of ground potential. 
The equivalent field intensity is then 

8 = juvolts/m (29) 

where 

A = 2Nh sin (30) 


for N turns of the loop with a height h and width a in meters, and / 
in kilocycles per second. The quantity E t denotes the transfer voltage 
acting across the terminating impedance Z m of the attenuator. The 
voltage can also be transferred to the loop by a small resistance (about 
1 fl) inserted at the mid-point of the loop. 



Fig. 291.—Deter- 


If only small voltage amplifications (for a single 
stage, for instance) are to be determined at a high 
frequency, the method is -essentially the same as for 
audio frequency. A potentiometer arrangement can 
be used or a reliable attenuation box, respectively. 
The measurement is then, for example, as follows: A 
high-frequency voltage is produced across a pure re¬ 
sistance of a few hundred ohms which is connected 


mination of high-fre¬ 
quency amplification. 


across the input terminals as in Fig. 291. Regenera¬ 
tion does not as a rule take place for such a resistance 


input. If the amplification is much more than about twentyfold/screen¬ 
ing should be used and proper grounding. If the entire test circuit is in 


a good copper cage, the tube voltmeter should not give a reading for 
short-circuited input terminals. Tube voltmeters as shown in Fig. 114, 
or a two-stage tube voltmeter as in Fig. 116, are suitable. The circuit of 
Fig. 114 works well up to voltage amplification as high as 500 fold. With 
this method a calibration of the tube voltmeter is not required. 


1. The voltmeter is first connected across the slider Si and the negative terminal 
of the grid bias and Si moved to a point for which practically the entire resistance r 
acts on the input side. Let the resistance be n. 

2. The slider S is then moved to a point until the tube voltmeter gives a suitable 
deflection d. 

3. The tube voltmeter is connected across the plate load as indicated in the figure. 

4. The slider Si is moved to the negative terminal of the grid bias and the tube 
voltmeter should read zero if the screening is satisfactory. 
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5. The slider tS'i is moved until for a value r =* r. the same deflection d is obtained. 
The voltage amplification per stage is then 



If very largo amplifications are to be determined, the method with a 
suitable attenuation box (described in Sec. 36) may be used. With 
this procedure the small input voltage e can be computed from the 
current passing into the attenuation box, since the current I, passing 
through r, for- amplifications, as high as 5000 is altogether too small 
to be read off on a microammeter. By iheans of the attenuation box, 
the current / can be computed as well as i ** I r. The output voltage E 
in this case is measured with a calibrated tube voltmeter. The following 
method does not require the knowledge of /. Suppose there are three 
stages of tuned high-frequency amplification and the entire amplification 
is about .5000. According to the method suitable for a single stage for 
which E «■ / rt and e ** Ir t , the resistance r ( would have to be 
fiOOOrj. This would not lead to an accurate determination. Therefore 
it is necessary to use a smaller current / 1 , for the production of input 
voltage e m I\r% than is used to find E ■» I n. In order to avoid this 
also, the four following determinations are made: 

1. The tub© voltmeter in connected across the entire resistance r and S is moved 
along B until a mutable deflection d m obtained for a current I which is measured 
with the indicated thermoelectric indicator of Fig. 29 i, Any amplified voltages which 
produce the same deflection d arc then given by E * I r, 

% Only one stage of high-frequency amplification, as in Fig. 291, is at first tested, 
giving the voltage ampli filiation At * E/ei by noting the setting n of the input resist¬ 
ance for the same deflection d of the tube voltmeter across the plate load of the first 
tube. Hence #* * t tu 

3, The high-frequency current / i» now greatly reduced by means of slider R to 
mnm value /* and inch that for the entire input resistance r the deflection d is again 
obtained on the tube voltmeter when connected across the plate load of the first tube. 
Hence #» m ! if. 

4. The tube voltmeter is now connected across the output load of the last tube 
(third tube in this particular example) and the slider 8j moved toward smaller values 
of r until for an input resistance r* the same deflection d m obtained. The voltage 
impressed on the grid of the Aral tube k then * e *» hrp The total voltage ampli¬ 
fication of all three staget therefore m 


Therefore it m possible to express the total amplification in terms of the amplification 
At of the first tube by multiply trig At by r/r*. Since At - E/e t « r/nom finds the 
total amplification from r a ^rif|. 

177. Determination of High-frequency Amplification with Regener¬ 
ation Input. 1 Many high-frequency amplifiers do not work from a resist- 

1 Fans, It. T ami A. Q, Jkkakn, Hdl Syxtm Tech.J., 8, 181-205,1924, 
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ance input. If a few hundred ohms were inserted in a tuned filament 
grid input, any back feed into this branch (regeneration) is negligible, 
while for regeneration the effective input voltage is larger than the 
actual grid voltage initially applied to the amplifier. If the back-feed 
factor h is known, this factor, multiplied by the voltage amplification A & 
measured, gives the voltage amplification which is only due to the 
straightforward action (from input toward output end) of the amplifier. 
In many cases it is difficult to determine the voltage amplification due 
to the final conditions at the input and output end o£ the amplifier. 
For this reason it is essential that the voltage-supply system at the 
input side does not appreciably change the actual 
. conditions under which the test device must 

Amplifier 

i— -px actually operate. Figure 292 shows a tuned input 

§ jgi'^ r jy ■ - amplifier coupled to an antenna which induces 
X ,juj l X ^0 a small voltage in the CL branch. If the terminals 
T Ub * mmet<r ^-2 across which a small resistance r can also be 
nation°of 2 the~back!f^a inserted are short-circuited, the actual circuit 
factor of a high-fre- conditions exist. At first, the filament of 
quencyamplifier. the test circuit is not heated. The tube 

voltmeter indicates a certain deflection d if a certain modulated high- 
frequency wave is received. The filament current is now switched on 
and, for no back feed, the deflection d must be the same as before; 
otherwise a larger or a smaller deflection is obtained. . For a larger 
deflection the back feed is positive, that is, additive to the input-grid 
voltage, since the resistance of the input (CL) circuit then becomes 
smaller in effect. By means of a suitable resistance r inserted across 
terminals 1 and 2, the original deflection d can be again obtained and r 
is a measure for the back feed. If R denotes the circuital resistance of 

the CL loop when terminals 1 and 2 are short- . . . 

circuited, the resistance (R — r) denotes the T== = ^ gn ** 

effective circuit resistance if r is connected 
across 1 and 2 and regeneration takes place. x pf. ___J J 
Since the voltage e across the grid of the first „ J7 

tube increases inversely with the circuit resist- nation of the back-food 
ance of the CL loop, for the back-feed factor faotor with a frame aerial. 
h = R/(R — r ) is obtained. Hence if A e denotes the voltage 
amplification of an amplifier measured as described in connection 
with Fig. 291, the true forward amplification is At = h A e . If 


the signal is received with a loop instead of an open aerial, 
there is the circuit shown in Fig. 293. The procedure is as just 
described. The resistance r is then inserted at the center of the loop 
and the determination carried on only for one-half of the loop. 

For the determination of very large high-frequency amplifications, 
the signal generators of Figs. 128 and 129 can be used to advantage, 
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since then only high-frequency voltages of the proper small input value 
are produced and any stray fields from the actual high-frequency genera¬ 
tor cannot affect the tube-voltmeter readings. This is practically true, 
since the input voltage has then twice the frequency of the 
fundamental carrier current of the signal generator. If Fig. 

128 is used, the high-frequency current I of double frequency 
is computed from M and the reading of a direct-current 
meter which is always very sensitive. The circuit of Fig. 

129 is even more simple and very small input voltages e 
can be produced. It is computed from the direct-current 
meter in the grid branch, the mutual inductance M, and 



FlO. 21)4. 

the resistance of the / circuit. The frequency/is determined du'n^an'o e 
with a frequency meter, since a small voltage e is obtained method for 
by means of M and k. The fundamental frequency of the 
generator is apt to change somewhat while e is being adj usted. h i « h - r r e - 
Figure 294 gives a mutual-induction method which can be pUfl“ay on ? m * 
used for the determination of high-frequency amplification for 
which the voltage gain is not too large. A modulated high-frequency cur¬ 
rent I ia impressed on a stationary primary coil. Two secondary 
coils with induced voltages E\ and respectively, are mounted 
at right angles to each other and can bo turned as a whole 

with respect to the primary coil. Hence, if 
the coil with voltage E\. is perpendicular to 
the primary coil, then E% gives a minimum 
reading (theoretically zero), while E a gives an 
optimum indication. Ei is impressed on the 
amplifier whose voltage amplification is to be 
determined and the secondary system tuned 
until Et gives the same deflection on a tube 
voltmeter as the output voltage of the amplifier. 
The voltage amplification ia then Et/Ei, which 
can be found from M%/M x where Mi denotes 
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the mutual inductance of the coil with respect to the primary and Mi 
the mutual Inductance of the Ei coil with respect to the primary. 

178, Determination of Phase of a Back Feed.—In Fig. 295, LiUC is 
an adjustable oscillation circuit. It also includes one coil lx of a phase 
shifter. A resonator C%L»lt is tuned to the frequency generated by the 
CL\L4% circuit. The coil Z* can bo turned in the revolving field of the 
phase shifter and k connected across the filament and the grid which is 
also shunted by n tuning condenser C%, Therefore the phase of the 
induced voltage e can la* adjusted and read from the angle k makes with 
the stationary-coil system of the phase shifter. The effect of the phase 
of e can be found from the deflection d of the coupled aperiodic 
circuit. 
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179. Notes on Distortion Measurements— If audio-frequency ampli¬ 
fiers are to be tested for distortion, the method indicated in Fig. 296 can 
be used. A condenser microphone with a tube circuit whose transmission 
characteristic is known and good is connected to the audio-frequency 
amplifier under test. The audio current of the output is sent through 

an ordinary oscillograph. If pure tones 
c T*st affect the condenser, a good amplifier should 

\ p* _ not show any distortions in the oscillograph 

_ 7 ^* "~~ * oscillograph record. It is unnecessary to photograph the 

| sine wave or to delineate it, since for a pure 
L — I v. sine-wave output, the vibrating spot will 

trace out a rectangular area as indicated. 

<C7. For distortions, lines similar to spectral lines 
Fig. 296.—Test for fidelity of an will be observed. However, this method is 
audio-frequency amplifier. unsatisfactory for Some Work, since 

an oscillograph record cannot show distortions of much less than about 
1 per cent. In acoustic measurements, for instance, for the determina¬ 
tion of the absorption and reflection factor of different building materials, 
currents which have a harmonic content of much more than 0.1 per cent 
cannot be used. Indeed, the wave form must be even better, since in 
some methods the sound intensities at the pseudonodal points of station¬ 
ary sound waves are measured and compared 4f4f 

with the readings of materials for which rr~—HHi 
practically zero intensity exist at such points. ~x^§f rp 4*^ 

This is only possible if very pure sine currents -j^r—~ 0/*7jk 

are used. The methods described in Secs. 56 / * 

and 76 are then satisfactory. If T in Fig. 297 ' 

denotes the output tube, the harmonic content ^"^-Determination 
can then be found with a tube voltmeter and of the fidelity of th© variable- 
a sinusoidal search frequency. The value of R is output ourrent of an nmplifior * 
chosen equal to the plate resistance r p . But if the actual tube circuit uses an 
output transformer, R = r p /p 2 denotes the reflected value of the tub© 
resistance where p is the ratio of primary to secondary turns. The test 
is carried out by applying pure sinusoidal voltages of different aucfe 
frequencies to the input stage and sweeping over the harmonic rang© 
with the search frequency. This is described in detail in Sec. 56. It is 
essential that the search-frequency oscillator have a good wave shape, 
180. Notes and Tests on Special Tubes. —Photoelectric cells, glow- 
discharge tubes, thyratrons, etc., belong to this class. For light-sensitive 
cells, it must be realized that their sensitivity changes with the frequency 
of the light which affects it. 


Tubs Voifmsrhtr 


vbrtdbM A £ source 
for Starch freq. 


The human eye can perceive only radiations of one octave of frequencies corre¬ 
sponding to wave lengths between (4 to 8)10~ 5 cm or 4000 to 8000 A.U. As with 
sound, in the case of the eye sensation units are dealt with. The eye is not very 
suitable for estimating the intensity of light, since the brighter the light, the more 
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change in intensity is needed in order that a change in brightness can be observed. 
The reason is that for certain intensity the change of intensity required to produco 
an effect upon the eye is proportional to the intensity itself. There is also a different 
sensitivity for different colors. At about 5550 A.U., the normal eye is most sensitive. 
It requires about 10“* erg/ace light intensity or the equivalent of 10“* «*watt to just, 
affect a normal eye. 


The lumen is the quantity of light due to a source of 1 cp 1 ft distant 
and affect mg an urea of 1 sq ft, during 1 sec. The intensity of illumination 
is called the faot-mrulk , For photoelectric cells, photons for any illumina¬ 
tion are given off symmetrically about the normal of the emitting surface. 
Such an emission also exists for any angle of inci¬ 
dence and any direction of vibration of the electric 
vector of the light, and Lambert’s cosine law I «= K 

cos i cos L gives the distribution of electrons in 
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Fio. 298.—Illumi¬ 
nation test for a photo- 
elootrio ooll. 


d* 

numbers for a fixed plane, if i is the angle of inci¬ 
dence, r the angle of reflection, and d the distance 
from source to plane. If a high-vacuum photoelec¬ 
tric ceil is exposed to light for a certain plate po¬ 
tential B, a certain emission current will be noted. The plot 

of microamperes per lumen against the plate potential denotes 
one characteristic of a photoelectric cell. It is obtained by the 

method in Fig. 208 where the light source and the photoelectric 
cell are mounted in a box so that no other light may affect 

C A 

the light-sensitive cathode. The light flux in lumens is l » if CL 

a® 

denotes the candlepower of the light source affecting an area of A sq ft 
at a distance of d ft. In the characteristic for a high-vacuum cell, 
saturation takes place as in a high-vacuum thermionic tube. The plate 
current / 1* then no longer dependent upon the plate voltage if E is 
within the saturation region, which is of advantage for certain work. 
Since, according to theory, the number of emitted electrons is directly 
proportional to the intensity of the light source, a straight-line character¬ 
istic for the plate current as a function of the light flux in lumens is 
obtained for a high-vacuum cell. This can likewise be obtained by 
means of the circuit in Fig. 208 by changing the light intensity and taking 
I readings in microamperes for a certain fixed plate potential E, For a 
gas-filled cell the linearity holds for a limited portion only, and only 
approximately. However, it is good enough for many applications. The 
quality Q of a photoelectric cell is given by the relation 


Q 


14 / 

im 


t 


that is, by the conductance of the tube per lumen. 

By dynamic response of a photoelectric cell Is meant the changes in 
snare current of a «*tl nmdtiw*d bv changes in light flux. It is generally 
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Fxo* 299.—Output, voltftffft in 
• dependence of light variations* 


measured by light-flux variation in the audio-frequency range and for 
vacuum cells it does not vary with the frequency. Ah in the case of 
ordinary electron tubes, the interelectrode capacitance of a photoelectric, 
cell must be taken into account within the range of very high frequencies. 

The dynamic sensitivity of gas-filled celk 
decreases with increasing; frequency of 
the light-flux modulation (Fig. 299). The 
sensitivity S is determined from the slope 
of the space-current lumen characteristic 
and is E - Atfdl, which shows that for the 
straight-line relation of the high-vacuum 
cell S is a constant as mentioned above, and the instantaneous 
space current i «« S l. It should be understood, however, that the 
sensitivity S varies somewhat with the plate voltage but remains constant 
within the saturation region of a high-vacuum cell. The conductance 
of a photoelectric) cell is therefore obtained by choosing two values l , and 
h and their corresponding plate potentials E l and near the operating 
point of the space-current plate-voltage, characteristic and corn puling 
g « (I t — h)/(Ei — Ei). In a similar way, the sensitivity is obtained 
for a given operating point by choosing two near-by points on the spaoe- 
current lumen characteristic such as L and 1% with the corresponding 
light fluxes h and 1%, and computing A' - (h — /*)/(/« — 4). Figure 290 
gives characteristic output-voltage curves for light-flux variations. 

181. Notes on Certain Types of Tubes.— At different place* in th® 
text it has been necessary to mention certain type* of tubes or their 
equivalent in order to give useful magnitudes of circuit constants. Tha 
few types of tubes mentioned are tabulated in Table XII. 


Tabus XII 



Filament 

Amplifier 

B b&ttery, 

V tilth 

Ampilfter, 

WSf hrtlV© O 
(battery | 
bl-M, volte 

Flute 

Attempt! ?i®- 
ftifTtsllI | 

ptete | 
r*R$*fcMMM4 j 
ahtm 

Mufatftl 

•IWtlPN 

turn-'*! 

jtmihm 

Ani|4lft» 

mkm 

imm 

Type 

Volt- 

W 

Current, 
itmp ** 

eurrort, 

m 

| 

IlM 

6 

0.26 

mi 157.0; 
180 

9; 10,5; 13.5 

7; 9 t ft;9.fi ' 

1 

koooi 4«700; 
4.700 

urn; i.roo; 

Mi i;i 

301A* 

6 

0.26 

90; 186 

4 J;t 

2,6; 8 j 

itMm 

mm 

w; too 

ii« 

222 f 

3.3 

0.132 

135 

1.5 teem- 
teal fHd) 

1.6 j 

mmm 

im 

mm 

240 

6 

0.25 

136;ISO 

1,5; 3 

0.9s 0.3 

11 


m;M 

171A 

6 

0.25 

90;136; 180 

Ifi.fis27s40.fi 

10; 10; ao : 

2,500; 2 jqq; 

3*000 

1.900; urn; 
ijm 

li Hi 3 


* .01 is u«»<1 at place* In this list tr, denote a 201-A, 301-A, or 401- A tab*. 

t 222 , tubo , h “ to a hlah-frequanoy amplifier and it a rfmibU«fHt tube with U rolta on the 

outer grid and 16 nm ibleld-grid current. 




CHAPTER XIV 

MODULATION MEASUREMENTS 


Since a high-frequency current is characterized by its amplitude, 
frequency, and phase, such a current can be modulated by amplitude and 
frequency as well as by phase changes. Though procedures for ampli¬ 
tude and frequency modulation were already known in the earliest days 
of radio, they are again being discussed 1 because it has been thought 
that the width of the frequency channel for the transmission of speech 
and music could be made narrower if frequency modulation were 
employed. Phase modulation is usually an undesirable by-product, 
although there is no reason why it should not be used to advantage. A 
thorough knowledge of the underlying principles and the actions of the 
three* types of modulations is important and methods are given whereby 
all types of modulations can be determined 
from measurements under actual condi¬ 
tions. 

182. Circuits and Theory for AmpLi- ^ ^_^ 

tude Modulation.—Modulation is a t 

process whereby amplitude, frequency, or " 

phase of a high-frequency carrier is Fm. aoo.— Addition of lmrmomo 
generally varied by means of an oharMter]Btio . 
audible current. Sometimes two kinds 

of modulations are present and it may happen that all three types 
of modulations occur. By double modulation is understood a 
carrier current of a particular high frequency which is at first modulated 
by a signal wave and is then made to modulate another high-frequency 
current of different frequency. The degree of modulation is generally 
expressed in percentage and denotes the variation in amplitude of a 
modulated current from its mean value expressed in percentage of the 
mean value. The device which is used at the sender end for producing 
modulat ion is called the " modulator,” and the device which is used in the 
receiver for extracting the modulation (signal wave) is called the “demod¬ 
ulator.” As a rule, the modulator and demodulator operate (Fig. 300) 
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J„ O. BcnmuMHih Frm. ! H B*, 18* tii f 19B0j A. Hbu^mann, E,N,T* } 8 , 469, 1931. 
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along a nonlinear characteristic. For this reason, it is customary to 
utilize either the curved portion of a tube characteristic or the magnetiza- 
tion curvature in the case of a ferromagnetic modulator. It must be 
understood, however, that there are also cases where the parabolic 

portion of the tube characteristic will not 
produce demodulation. For instance, this 
happens when an arriving electromagnetic 
jj v / 5 eA'**'** wave is modulated in frequency only and 

J- 4 * equivalent to the carrier wave of the high 

a i, frequency F and an infinitude of side bands, 

% P ltX separated in frequency by integral multiples 

|1 /r ^ WIA/Wv °f Ihe modulating frequency /, whose ampli- 
MS——- \ ^ tudes are given by Bessel functions of increasing 

l, r,f ***“** orders. At first inspection, it would appear 

Fig. 301.—Translation of that a detector tube produces an audio 

curre u nt of frequency / but this is not the 
case because of the phase relationship between 
the side bands. It is the phase relationship and not the width of the hand 
where frequency modulation differs fundamentally from amplitude 
modulation. Therefor^, it is necessary that a circuit be inserted’between 
the receiving aerial and the tube with a curved work characteristic which 
translates frequency modulation partially into amplitude variation. 


wi/ywv 


I Ftf — 

F-f 

Fig. 301.— Translation of 



% Fig. 302,—Grid modulation. 


This can be readily done! by using a CL circuit which is not tuned to 
resonance with the carrier frequency F about which frequency modula¬ 
tions +/ take place, but on a suitable point P of the ascending or descend¬ 
ing portion of the resonance curve (Fig. 301). The current in the CL 
circuit will then fluctuate between a maximum and a minimum value 
about the value !, corresponding to the unmodulated carrier frequency F. 
Of course, this can also be done directly in the sender arrangement or in 
the sender as well as the receiver. The general case of amplitude modula¬ 
tion has been dealt with in Sec. 8. Amplitude modulation can be clone* 
by means of grid modulation (Fig. 302) or plate modulation (Fig. 304). 
tor grid modulation the negative grid bias is so chosen that the square 
law for the variable plate current holds with a good degree of approxima- 
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fcion and i„ ~ he„ + he/ + terms which are neglected. If 12/2 tt = F, 
the frequency of sinusoidal high-frequency voltage e y impressed on the 
grid, and w/27r « /, the frequency of audio voltage c 2 , there is obtained 
for this characteristic curvature 

i p ** k\{E\ sin 12/ T E% sin co/J + ks[Ei l sin 8 12/ + E/ sin 8 cot + 

2E x E<i sin 12/ sin to/] (1) 

Since the steepness of the work characteristic is 

cH 

9«< m m ki + + She/ 4 - 4h e/ + • • • ( 2 ) 

nejtlisible 

it can be seen that g„ can only bo a linear function of e„ ■= ei + e 2 if both 
amplitudes E% and E% of «t and «* are not very large. Therefore grid 
modulation cannot be applied to eases where the tube is worked to full 
capacity; otherwise considerable distortion will take place. 

Expanding (1) gives 

ip m k\{Et sin Ut + lit sin «/) + 0.5&i[/?, s + E/ -h 2 E X E% cos (12 — u)t 
- 2 BiEt cos (12 + «)/ + E i 8 cos 212/ - E/ cos 2ut\ (3) 

There arc, therefore, four high frequencies, F » 12/(2r), 2 F, (F +/), and 
(F - f), and two low frequencies, / - «/(2 t r) and 2/. Since the CL 
circuit in the plate branch is tuned to the carrier frequency F only, compo¬ 
nents of such a frequency predominate in the plate ourrtM and, accord¬ 
ing to (i) and (3), 

ip *» h'lEi sin 11/ + 2ktE\Et sin 12/ sin «Z 
Mrrier mirrent mudwlutipn farm 

miif 

m kiEt itin CM + k%B\B% mm (0 — u>)l — h%B\E% cos (0 + a>)t (4) 

4*r*» £r«punify ttiffititi of (rmumtiy «uir«nt of frequency 

r f ~ / F + / 

t 

which is drawn in detail In Fig. 303. If such an amplitude-modulated 
wave is radiated and received with an aerial, the received voltage of fre¬ 
quencies F, F - /, and F + f must be again impressed on a square-law 
detector (demodulator) in order to extract the audio current of frequency 
f. In the demodulator, if single side-band reception (F and F +f only) 
is chosen, 'here is obt ained the summation oscillation of frequency 2F 4- /, 
which cannot be heard, and the difference oscillation of the desired audio 
frequency /. If the plate-current variations vary over a portion of the 
dynamic characteristic for which the cubic term is also to be considered, 
ip » Aq<v I kit/ 1 k^/, and additional current components of high fre¬ 
quencies F + 2f and F — 2/ will appear, requiring a double side-band 
width of 4/. For amplitude modulation, according to Fig. 17, the 
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instantaneous value of the modulated high-frequency current is obtained 
as 


,*r 



*'■*» a f *w*m 

®m&t mm-f 


9mAt 




w*mw 




IlMMh Jtfwf t lM4# 


. &« . „ 


Fia, 808.—O/Sfcif « frequemsy of owner mmm%* »/t» ** f«w|ii«fwy of audio mmm% wbki 

snadulfttwi* 


I, - I n sin Of + in Bin Of sin vt •141 + K sin <4] sin Iif (5) 

•where K - i m /I m denotes the degree of modulation. According to 
Eq. (52) of See. 8, 

I t m 7 m [sin Of + 0.5A' oos (fl - w) - 0,5J? mm (U + «)} (5a) 

showing that the carrier current of high frequency F ha* an amplltudi l m 
and KIm/2 is the amplitude of the lower and upper side frequency F ~ / 
and F + /, respectively. 

For the case of plate modulation as in Fig. 304, more modulated 
power can be obtained than with grid modulation, eapeetaily when the 



Ft a. 304.—*Ftw« madulatkm* 


audio-frequency voltage <s* is first amplified before it to connected into thn 
plate branch of the high-frequency oscillator CL of frequency il 2*. A 
common B battery of voltage H* is provided forboth the audio>frequ«tegr 
amplifier and the high-frequency oscillator ami t\ offers a low-impedooM 
branch to the high-frequeney currents, while 7,., b a large iron choke, 

H i t denotes the audio-current fluctuation in the plate limneb of the amplifier 
tube, and ii 1 the audio fluctuation in the plate branch of the Wgh+wjiMtiwy omriiiator, 
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the voltage variation, across Lo is joiL^iz + U'] it the resistance of Lo is small compared 
with coLo. The more variable current the amplifier tube draws from the common B 
supply, the larger is the voltage drop across L 0 and the smaller the voltage available 
in the plate of the oscillator tube of the internal plate resistance r P , and it is smaller 
the more the high-frequency current is modulated (decreased in this particular case), 
since for the mean plate current fa' with respect to the high-frequency current = 
—juLoiiz + fa'l/fp' and i% 852 [ve a — jcoLofta ■+* W ]These two expressions lead to 


6(; 


__ jo)Ln[i a ~b fa'l 


jfiOiLn 


r v [l + ^»] 


making the audio-frequency voltage variations e„' on the plate of the oscillator a 
maximum value if aL is very large compared with the plate resistance of either tube. 
The approximation e v '/e a = ju/(l + p) then holds if p = r P /r p ) f*om which it is 
evident that «,'/«»is large i£ the P late resistance of the oscillator tube is larger than 
that of the amplifier tube and becomes equal to the amplification factor of the amplifier 
tube if r p /r p ' is negligible compared with unity. Moreover, from the expression 

given above, i 2 « ~ [l = -**' h V« «L 0 showing that L„ should be 

large. The audio-frequency components are then equal in both plate branches. 

From the above discussion for the amplifier-modulated oscillator 
current and the characteristics of the amplitude of the high-frequency cur¬ 
rent in the CL„L V branch against the plate potential (Fig. 304), I„ -gE? 
if a denotes the steepness of the work characteristic. Therefore, I t — 
J p Bin m. But E P - E b + e* = E b + E* sin «t, and the expression 

l t = g[E b sin Qt + E z sin Qt sin w<] 

= gEh[l + K sin cof] sin Of. ( 6 ) 

is obtained. Exactly the same relation as in equations (5) and (5a) is 
obtained for gE b - I m . It does not matter whether gnd or plate modu- 
lation is employed for modulation measurements. However, it is ot 


e/rtAt 





Products i<** them** 
than d/crease m 
am pH rude. 


Products more 

increase than decrease 

{Carrier current a/maar 
zero when nei modu¬ 
lated) 




tfta. 305.—Symmetrical and unsymmetrical amplitude modulation. 

imnortance whether symmetrical or unsymmetrical amplitude modula¬ 
tion exists (Fig. 305). Hence there generally are two significant in uence 
factors Ki and K, which express modulation so that * e “ \ h ; 

tancous value of the modulated 

minimum value h - U1 +J^ the symmei _ 

influence factors are equal and Kt - K 2 - (h 
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- i m /Ln = K. For the second case, shown in Fig. 305, the maximum 
instantaneous value h of the modulated current is less above than the 
minimum instantaneous value J 2 is below the I m line. Therefore the 
influence factor Ki is smaller than K 2 . The opposite is true for the third 
diagram of Fig. 305 and K 2 > Ki. The average value 0.5[ICi + K%[ 
can then be used to obtain an idea of the modulation K and 


K « 



+ 



h-h 
2 I m 


(7) 


Therefore it can be seen that the degree of amplitude modulation can be 
found by measuring I h I 2 , and I m or the corresponding voltages E i, E%, 
and E m . For symmetrical amplitude modulation it is necessary only 
to measure the amplitude without modulation and the amplitude when 
modulation exists. A vacuum-tube voltmeter is fundamentally a device 
which measures maximum voltage and lends itself readily for the measure¬ 
ment of Ei and E m corresponding to h and I m , and to finding K. It is a 
method which has been employed in most laboratories since the advent 
of the electron tube. 

183. Determination of Amplitude Modulation —Using the scheme 
just described, which consists of measuring with a tube voltmeter across 
a portion of a circuit, the maximum voltage Ei when a wave is modulated 
with a sinusoidal current and the maximum voltage E m for no modulation 
and computing, according to Fig. 17 (if voltages instead of currents are 
used), the percentage modulation from K = 100[j£i — E m ]/E m . As 
simple as this method seems to be, it has the following disadvantages: 


1. It requires symmetrical modulation (Ki = K% — K, Fig. 305). 

2. It is assumed that the carrier amplitude has the same value with and without 
modulation. 

3. It is necessary to take one reading without modulation which can be done only 
at the sender end and not at the receiver unless the sender and receiver stations 
experiment together. 


Therefore the errors with this method can be considerable, unless 
the above precautions are taken. The objection that the method 
cannot be used with a received high-frequency wave is not serious, since 
the intensity of the sound heard at the receiver end also depends upon 
the demodulator of the receiver as well as upon the selectivity used in the 
stages of high-frequency amplification. If the selectivity is too high, 
only poor quality in sound reproduction can be expected, since the pa m 
band may not be wide enough to accommodate the width of half the band 
Width required owing to the gravest modulation frequency at the sender 
end. It is then best to test the receiving set with a local high-frequency 
source, which can be readily modulated or used without modulation. In 
the case of local modulation objection 2 can be almost avoided if the 
plate-current (Heising) modulation is properly adjusted. 
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If an ordinary oscillograph with two vibrator elements is available, 
the case of unsymrnelrical modulation (objection 1) may be observed 
and objection 2 with respect to a change of the carrier amplitude is 
avoided, since an oscillogram is taken under actual conditions. One 
way of using the oscillograph is by coupling a few turns to the circuit 
which carries the modulated current. The few turns of the coupling 
coil work over a rectifier (demodulator) and through one vibrator element 
of the oscillograph. The other vibrator element is set in such a way that 
the image on the ground glass coincides with the image of the other 
vibrator when no current affects it. If modulated high-frequency cur¬ 
rent flows in the measuring circuit, one image will give a steady deflection 
and trace a line on t the revolving drum which is produced a distance d m 
from the zero line traced by the other vibrator (which is not connected 
in any circuit). The distance d m is a measure for the rectified amplitudes 
I m of the unmodulated high-frequency current. If modulation exists, 
according to Fig. 305, the image spot of the vibrator affected by the 
rectified current gives the values d x and d 3 corresponding to h and 1*. 
'[’ho mean value Q.5[dt + d s ] of the extreme swings of the sinusoidal- 
amplitude trace is taken as the amplitude d m 
of the carrier. The degree of modulation is 
then [according to (7)] computed from K - 
0.5[di - dt\id m - [di - di]/[di + d*]. There¬ 
fore it is necessary only to take the readings d x 
and d a under the actual (modulated) condition. 

The method 1 shown in Fig. 308 is simpler than 
the oscillograph procedure and requires but two 
thermionic rectifier tubes. Ordinary three- 
element tubes with the grid and plate tied to¬ 
gether will t hen also do. This method again ° f 

takes into account the actual condition and can 

therefore also bo used to determine the degree of modulation of a received 
wave where, as mentioned above, it must be realized that because of 
circuit tuning {CL branch of Fig. 300) the degree of modulation may be 
decreased. The tube T\ acts as demodulator where r 0 ~ 3 X 10 B 0 and 
Co - 500 acts practically to a short circuit for the carrier current, but 
as an open circuit for the modulation component. Therefore the voltage e 
across C a has the form indicated in the figure. By means of another recti¬ 
fier tube (T t ) and a sensitive direct-current meter, the voltage Ei and E% 
can la; measured by an auxiliary adjustable voltage E. The double-pole 
switch is first connected toward 1 and the potentiometer slider S moved 
until the microainmeter just reads zero. The voltmeter then gives the 
value E - E%. The double-pole double-throw switch is connected on 2 
and by means of zero-current balance the reading E - E t is obtained. 

• Vam tutu Pol, it., and K. Posthomot, Mxpll Wirelm, 4, 140, 1927. 
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The percentage modulation is then computed from K % *> 100{^i — 2?,]/ 
[£?i + E%], If the modulation of a received wave is determined, the CL 
branch is also used and C tuned to the carrier frequency. The supply 
from the amplifier is so chosen that about 10 volts exist* across C, Figure 
307 gives the method of E. Mauz 1 which determines the degree of modu¬ 
lation with a cathode-ray tube. This method applies the audio-frequency 
modulation voltage across one deflection condenser of the cathode-ray 
tube, and the high-frequency output with its modulation is impressed 



Flo. 307.—rCathode-ray osoillograph for finding degree of amplitude modulation C«M 
cathode-ray pattern for incomplete modulation), 


across the other deflection condenser. Since the high frequency and the 
audio frequency generally have no harmonic relation, a fluorescent area 
as indicated in the figure will be seen on the screen of the tub®. The 
long vertical side di indicates the large double amplitude 21, (Fig. 306) 
and d 2 the smallest double amplitude 21% and O.fifdj + rfsj is the average 
value, that is, equal to the double amplitude of the carrier. Therefore 
the percentage modulation can be computed from K% - 100[rf, - rf,]/ 

[di + di]. For complete modulation 
da - 0. The amplitude traces ah and 
cd are straight but curved for distorted 
modulation. According to Fig. 308, 
'* one must distinguish between a trap®, 
zoid and an equivalent trapezoid for 
which a phase angle $ for the audio¬ 
frequency deflection exists. The varf- 
ation along the A'-axis is due to the 
audio-frequency variation of a demodu- 
.. . Jt „ . lated current (Fig. 809) and the vari¬ 

ation along the Y direction of the cathode-ray pattern k duo to the rriodu- 
lated high-frequency current in the CL circuit. The spot along the F-axte 
then follows the law y - ± F„[l + K <s(f)] whore <p(l) is the time function of 
the audio-frequency variation and, according to Eq. (6), F„ * Y m gin M 
The time function <p{t) varies between ±1. The tube demodulator 

,. 1 Jahrh. d. drahll., 19, 266, 1922; Wmlm Elms. Imlrm- 

hon Bull. 176; M. v. Abdsnnb, E.N.T., 7, 80, 1080. 



Fia. 308 ,—abdea area as traced by 
fluorescent spot; XX and TY lines traced 
if only audio frequency or if only modu¬ 
lated carrier voltages act. 
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produces a low-frequency variation in the plate branch which produces 
the deflection x - A r „ *(011 + 0.5i£ <p{t)}. For K small, * - X 0 v(i ) m 
an approximation and A« * cons K. These two relations give a trape¬ 
zoid with the two straight linos y = + F 0 [.l + eons x] = ± F 0 [l + 
x t an «] of const ant, spread and the parallel boundary lines are given by 
* - ± X*- F(,r thc 1(,ft diagram of Fig. 308 there is no phase shift 
of the audio-frequency modulation in the modulator arid the branch 
connected to the cathode-ray tube. If a choke coil is connected between 
terminals 1 and 2 of I'ig, 309, a phase shift Q is produced as is shown in 
Fig, 308. '1 he same also happens when a demodulator with succeeding 

stages of audio-frequency amplification is used before connecting the 
audio-frequency voltage to the cathode-ray tube. 

The stationary patterns as Indicated in Figs. 307 and 308 will not 
appear when the modulation K is not constant (for voice and other 
variable modulation). It is then necessary to use the deflection of the 



Fid, Circuit fm the fiuortwcwit tran© shown In Fig. 30& 

modulated high-frequency current only, that is, the F deflection, and 
use either a revolving mirror to view the modulations or a revolving film 
to photograph them. A linear time-axis device can also be used for this 
purpose. 

Another method Tor determining modulation utilizes the fact that, 
for a current meter which responds to the heat effect (thermoelectric 
indicator, hot-wire meter), the measured modulated current is larger 
than for no modulation and even for symmetrical modulation. This 
can be seen from the following. For no modulation, the instantaneous 
value of the currier current is I, - I m sin Of and a thermoelectric indi¬ 
cator gives the effective current reading 

For the modulation K * i n // n , the effective current reading becomes 

** f,in * + K sin «f]*df « ™ v'i 

and the two readings give the relation h m /iVr+’OjX 3 . The 
percentage 
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where K is in percentage. For 100 per cent modulation / 2 = 1.2241*, 
It is then possible to design a direct-indicating modulation meter which 
gives the percentage modulation directly. The deflections of the meter 
must then be chosen such that the indications between 1 and 1.224 
( utilize a large portion of the scale. This can be easily done by making 
the maximum deflection of the indicator 1.224, In place of the currents, 
K% is engraved. Hence the maximum deflection is marked 100 and 
the deflection 1 is K — 0. The thermoelectric meter 
is then connected to a goil of a few turns which are 
coupled to a high-frequency circuit, which at first 
carries an unmodulated carrier current of the desired 
w high frequency Q/2i r. The coupling is then varied 

. . Fiq * 310 -— Gra P b - until the modulation indicator just reads K = 0. The 
finding degree of am- high-frequency carrier is then modulated and a larger 
plitude modulation, deflection will be noted which gives the percentage 
modulation directly. The calibration of the meter can be carried on 
either with known calibrations or by means of Table XIII and the 
graphical solution of Fig. 310. It -is based upon Eq. (8) by writing 
[0.707X] 2 = [h/lx] 2 ' — 1. For K = 1, that is, 100 per cent modulation, 
the height h of the triangle of Fig. 310 is 0.707, the base is unity, and 
I 2 /h = 1.2247. For no modulation K = 0 there is I 2 /I 1 = 1 which 
is the base line and the other extreme. This method is applicable in 
finding approximately the degree of modulation, or where it is necessary 
to keep a check upon a certain degree of modulation. In the same way 


Table XIII 


K , per cent 

h/h = \/l - 0.5 K* 

h 

100 

1.2247 

0.707 

90 

1.1853 

0.636 

80 

1.1489 

0.565 

70 

1.1158 

0.495 

60 

1.0863 

0.424 

60 

1.0606 

•* , 0.353 

40 

1.0392 

0.283 

30 

1.0222 

0.212 

20 

1.0099 

0.1414 

10 

1.0025 

0.0707 


a voltmeter giving the effective voltage reading can be used for a direct- 
reading modulation meter. Such modulation meters should, however, 
£ot be confused with, for instance, meters, used often in broadcast 
stations, which merely indicate the relative magnitude of audio-frequency 
voltage. Another form of modulation meter has been developed by 
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K. W. Jarvis. 1 It makes use of the audible-current components in the 
plate branch of a demodulator and employs a tube voltmeter to determine 
the effective audio current by means of the voltage drop across a known 
resistance in the plate branch of the demodulator. The action of the 
method is based upon the expression 


t - * J 1 * + e/ 

' "aw f 2 m + e m + ''' 


Thie relation holds for the change in current in an ordinary three-element 
tube of lumped control voltage E in the relation 


U - + A'„) - F{E) 

for the voltage funct ion A and the relation I -f- %p ** if ^ variable 

voltage <?„ across the grid and the filament produces the variation e P in the 
plate current, where it must lie understood that 01,,/dE depends upon the 
load in the external plate branch. Now, if the carrier voltage E m cos Qt is 
modulated and the voltage ■» E m cos Of[l + K cos wtj is applied to the 

grid of a demodulator for which only the terms with dI JdE and ~j£ play 

a part, and if all high-frequency terms are omitted, the change i, in 
plate current becomes 


EJ 

'4 ft A’* 

mrrvttil -h *** 
fmiUfkmUm 


, Kmj b*e p , 

+ - m + 

Inert*** platt? 
wfetil |*» 4m 
m hmui 


H « mmipmmm of 

* KE m « cos tel d^Ep , K % E m % cos 2 at d % I p 


double tvudlo»fr©qutmoy 
mwlultttkm mnm both 
aid® eurrente hmt with 
tmeh othfir 


ustf’tti «uwp»fr«M}u#iiBy 
modulation 


it *> *•© fiompooent of i p 

E ' f cl f / 

The first term * denotes the rectification effect. Hence, if the 


detector action i» known or found experimentally, and if the 

audio current i„ and the maximum voltage E„ are measured, the modula¬ 
tion K can to found from (9). This method then has the inherent 
advantage that tPI^/dE* changes with the external plate load of the 
demodulator and, if an impedance is used for load, it becomes also a 
function of the frequency. Besides, the carrier voltage is modulated 
and it is difficult to measure E m accurately. For these reasons Eq. (9a) 


1 t*rae, IRE.. IT, 007, 1020 
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is split into a direct-current component and an alternating-current 
component i 2) giving 

azt d 2 T 

ii = 0.5# M 2 ~~f[0.5 + 0.25K 2 ]; i 2 = 0.5i^ 2 ^[Z cos ait + 

0.25 K 2 cos 2ait] (10) 

If the e g = E m cos tit [1 + K cos ait] is so adjusted that a constant direct- 
current change i occurs in the value of I p noted by a direct-current 
meter in the plate branch and irrespective of the value of modulation K } 
then ii = i and the first expression of (10) gives 0 .5E m 2 d 2 I P /dE 2 
U/(2 + K 2 ), which, inserted in the second expression of (10), gives for 
the remaining audible alternating-current components 

% 2 = k ~ . [& cos + 0.25 cos 2a it] 

2 + K■ 

or 

h = 2 q-fcs V'l + 0 062 5-g 2 (11) 


since the effective current I 2 in this case is due to two currents of fre¬ 
quency oi/2tt and ai/ir and equal to the square-root value of the sum of 

t their squares. In many cases the 



Demodulator Wtmeter 


Fig. 311,*—Determination of modulation 
(Z/o is high-frequency choke and R load 
resistance.) 


square-root factor may be put equal 
to unity, since the effect of the 
double audio frequency even for K% 
* 100, that is, K = 1, is only about 
4 per cent. Taking other errors kite 
account, the total error is about 5 per 
cent. The approximation 1 formula 
is then J 2 = YiK/(2 + K 2 ) } from 


which K can be found, since I 2 can be 
measured with a tube voltmeter which determines only the effective 
alternating voltage E 2 across a known resistance R in the plate branch 
of the modulator and i is the constant direct-current shift in the plate 
current. The circuit is then as in Fig. 311. With no modulated voltage 
e g acting on the grid, the slider S is moved until the direct-current micro¬ 


ammeter i reads zero. The modulated voltage e g is impressed and the 
deflection of the direct-current meter noted, and i is computed by means 
of p and r. The tube voltmeter which measures the effective voltage 
E 2 gives the value I 2 by means of R . K is then found from (11) or the 
simplified expression. 


184. Notes on Frequency and Phase Modulation.™Frequency 
modulation may be produced by varying either the capacitive or inductive 
reactance of an oscillator. This can be done, for instance, by using a 
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condenser microphone as the capacitance value C of the CL circuit, which 
practically determines the frequency of the oscillation. The value of C 
is t hen no longer a constant but a time function C t =* C + AC cos cot. 
Solutions for the case of a non-dissipative oscillator have been given 
by J. It Carson 1 and by K. Van der Pol, 1 

Suppose 0/2 w m F is the frequency of the carrier, that is, the high frequency 
produced hy the CL oscillator and w/2 w «*/ the modulating frequency. For no 
iiuMluiatioiiHi there is the ordinary simplified resonance relation 12 » 1 /s/CL, while, 
for the presence of modulations, there is a variable high frequency of instantaneous 
value Ft Ut/2* and the relation 12* » l /t/CtL. In the relation CV = C + 
AC cos <*>h the quantity C denotes the constant capacity value about which the value of 
Ct fluctuates with a comparatively small amplitude AC, since m = A C/C is small 
compared with unity. Hence, 

U,a “ m + m mm »rf| “ S, ’ [1 “ m 008 at] “ “‘I 1 + eos ^ 


if p » Aft/ U, since AC/C « — 2A0/0 and AO is the maximum deviation of the angular 

i d 1 

velocity from it* mean value U. The relation niL 4" -g - 0 for n «® ^ and - = Jdt 
exproMte* that the voltage drop around the non-dissipative characteristic CL loop is 
*i»m. Multiplying the equation by n and dividing it by L leads to nH 4- ttf « 0. 


For the time function C* instead of C, the relation 


nH + is obtained. 


But 



equation 


ft*[i + %p cos <d\ and, realising that nH « dH/dl\ the differential 


dH 

iP 


4“ 0*(1 + 2p cos o)l\i w 0 


( 12 ) 


ii obtained, which m a typical equation of the Mathieu function.® The solution is 
then i *» A mm b — tin td'j which can be used to find the component frequencies 

by spectral »fmtyiii. The spectral solution in Carson’s paper 8 gives an expression 
of the form 

Hh *» 

By cos [(0 + qm)t 4* $</] 

« m 

and the frequencies present in the frequency-modulated wave are an infinite series 
spared at the interval m) 2r «/ and arc F } F +/» F — /i F 4- %f) F — 2f, F + 3/, 
F - y, etc,, and the fr$qtumey rlmnnd must be at least jud as wide as For amplitude 
modulation. Van der Pol s wlution leads to the same conclusion. Bor unity ampli* 

tuilr in i « A ( M f AU sin A one finds for 0 » Mi/« 


* llvfwmtrr, **Fmictkirii de Lam 4 at fonotions cl© Mathieu,” Paris, 1926; or 
WmTtAiuett and Watson, Modern Analysis,” p* 402, 

f A#i t rtf.. 
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i s= cos [tit + sin <o£] 

= Jo0 cos U£ term of carrier frequency F 

, , . , , term giving the first two side frequencies 

(Q - «)* - cos (0 + «)*}> +f Sind F _ j 

- l giving side frequencies F + 2/ and 

+</2/3|cos (12 — 2<o)£ + cos 2a))t^ jp ^ 

—/ 3 jSjcos (ft — 3a>)tf — cos (0 + 3o)£) for side frequencies F + 3/ and F — 3f 

+ • • : ' ( 13 ) 

From the above discussion it is evident that a /m^nc^-modulated 
current is equivalent to a, carrier wave of frequency F and an infinitude 
of side frequencies separated in integral multiples of the modulating 
frequency/. The amplitudes of the side-frequency currents are partially 
given by Bessel functions of increasing order Jo, Ji, J 2 , Jz, etc., and the 
factor p — Ati/u = A F/f which is the ratio of the absolute frequency 
deviation A F to the modulation frequency /. For a small value of P, 
as often occurs in high-frequency work, for instance, P — 0.2, the spectrum 
practically consists of the carrier frequency F only and the first two side 
frequencies F + f and F / and the instantaneous value of the modulated 
current of unit amplitude (7 m = .1) becomes 

i — I t = cos tit — p sin tit sin co£ (14) 

(for frequency modulation) 

for which either amplitude of the side frequencies F + f and F ~~~ f is 
0.5 P times the amplitude of the carrier. Comparing this result with 

It = sin tit — p sin tit si not (15) 

(for amplitude modulation) 

shows that the same double-band width 2 f exists for both kinds of modula¬ 
tions (with the assumption that p is a small value) but that there is a 
phase shift of 90 deg between carrier and modulation component in the 
case of frequency modulation. For the sinusoidal modulation of fre¬ 
quency /of a carrier of frequency F, it may be said that the width of the 
channel is practically 2/ as long as A F is smaller than/, and practically 
2AF as long as / is smaller than A F. Hence the larger value of the 
quantities A F and /, respectively, determines the width of the frequency 
channel which accommodates the double side band. Therefore the phase 
relation of 90 deg which occurs in (14) is where frequency modulation 
(with the above assumptions p small) differs from amplitude modulation 
[Eq. (15)] and not the width of the channel. For this reason a current) 
which is purely frequency modulated cannot produce an audio-frequency 
output in customary parabolic demodulators but requires first some form 
of amplitude translation as described in connection with Fig. 301. 

Frequency modulation may give rise to errors if selectivity curves 
of a radio receiver are taken with poorly designed signal generators^, It 
may happen that the selectivity curve of the receiver is somewhat bent 
out on one side of resonance and very much pushed in on the other side. 
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That an unsymmetry of this kind may be due to a modulated signal 
generator, rather than to the test set, can be understood from the fol¬ 
lowing: Suppose plate modulation is produced with a customary tube 
oscillator, for instance, by means of a 400-cycle audio-frequency source. 
Both the amplitude and the frequency of the output current of the 
generator will vary over a definite range. If the receiver is tuned to 
the average value of the carrier frequency, the frequency modulation 
cannot seriously affect the reading on the output meter. But if readings 
are noted for one side of resonance, the amplitude modulation due to 
frequency modulation increases the value of the true amplitude variation. 
On the other side of the resonance curve, the frequency modulation which 
is translated into amplitude modulation subtracts from the value of the 
true amplitude variation. The translation of frequency into amplitude 
modulation is all the more pronounced, the more selective the receiver. 
It may happen that the added and subtracted translated modulation is 
of the order of the true amplitude modulation. To find to what extent 
frequency modulation affects the test curve, it is only necessary to take a 
selectivity curve without modulation, or by generating the modulated 
high-frequency current by applying the modulation to a separately 
excited amplifier. 

Moreover, it can be seen that sinusoidal frequency modulation at 
frequency w/2ir ® / about a carrier frequency 0/2t = F gives the 
instantaneous angular velocity il t - 0 + AG sin <d where Afi denotes 
the maximum deviation from 0. The instantaneous value of the high 
frequency then varies between the limits F + A F and F — AF and does 
this / times per second. For an unmodulated carrier current of instan¬ 
taneous value /,» sin ill, there is then found for frequency modulation for 
$ « AQ/w - A/ 1 ’// a small value, the instantaneous value for the current 


If m I m sin \IU - 0 cos a /] 

• I m {sin III + cos [0 cos ut\ - cos 0 1 sin [0 cos ut] 
e* /mjsin iU - cos ill 0 cob 

- I m sin [2 vFt] - 0.5 0l m cos [2ir(F + f)t] ~ 0,501 m 

cos {2tt(F - f)t] (16) 

in comparison with the instantaneous value, from Eqs. (5) and (5a), 
/„*«/« sin ill (1 + K sin oil] 

• I m sin ill - Q.5A7» cos (2 ir(F+f)t] + 0,5KI m cos [2tt(F -f)t] (17) 

f or amplitude modulation. These two relations show clearly that for 
frmumcii modulation the phase of one side current is shifted by 180 deg, 
and with the above assumptions (0 small) the width of the frequency 
channel required for faithful transmission of the modulation is just as 
wide for either kirn! of modulation. For either type of modulation the 
respective amplitudes of the side currents have the same value. For 
frequency modulation the ratio of side-current amplitude to earner 
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amplitude is 0.5/3, while this ratio for amplitude modulation is 0.5jf 
where K denotes the degree of modulation. Since 0 - A/-' /, for large 
values of /, the frequency modulation is very small and for certain small 
values of the modulating frequency / the value fi - K is approached. 
If then frequency and amplitude modulation exist simultaneously, one 
side current cancels out. For still smaller values of the modulating 
frequency, the frequency modulation is more predominant than the 
amplitude modulation. This is discussed in detail under measurements. 

Upon inspection of the significant factor for unit amplitude (/„ ■ 1) 
in Eq. (16), one sees that sin [Of - 0 cos ut| has the form sin (» - <?,]. 
This means it is a sinusoidal variation, whose phase 9, also varies with the 
time. But a variable phase and a corresponding change of frequency are 
interrelated, since the frequency variation is equal to the rate of change 
of phase of a periodic function. Now, the argument in the function 
sin [Of - /3 cos tat] is Of - 0 cos ut and the time rate of it gives 

- Z iff) a* 0 4* «/8 sin od <■ OH- AO sin cof 

dl 

which confirms the term used to obtain the first expression in Eq. (6). 
From the interrelation between the variable phase and corresponding 
frequency variation, it is evident that any variation* in phase must 
produce frequency modulation. It happens as an undesirable additional 
modulation, producing distortion in long-distance transmission when 
direct and indirect waves arrive at a receiver station, since the sky 
and direct wave have traveled through different distances, of which 
one distance may vary (will be discussed later). It also happens in 
intermediate circuits coupling, for instance, tube generators with aerials. 

In phase modulation there is for sinusoidal phase variation B, - 
6 sin cat, for which co/2tt - / denotes frequency with which the phase 
changes and 9 the maximum value of the phase change. The maximum 
value for the corresponding frequency change is then 0 / and the fre¬ 
quency change at any time Is Bf cos at. This is true because a phase- 
modulated carrier current of frequency 0/2r - F at any instant has 
the value 

Ip «■ /« sin [Of + 6 sin wf] (18) 

881 /m sin y 


The high frequency of the modulated current at any instant then has the 
value 


jRFj as 


1 dy 

2?r M 


or 

Ft <■ g- + Of cos wi (19) 

tthiuiKe in frequency eluts Ic* pkmm etuuis* 


Since F t — F denotes the change &F in frequency and for this particular 
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time function in 8 f cos ml, one hits generally only to solve for the time 
rate of the phase* Hence, for the general case of phase modulation 
given by 


fj* “ /« sin (ilt + Oi ) 


( 20 ) 


There in the corrotqxmriing change in frequency 


&F «• 


dB, 

^ ami the p!m»ft »luffc Q t « J AFdt 


( 21 ) 


lienee n sinusoidal time variation of phase angle 0 t gives a cosinusoidal 
frequency variation, while the time slope relation of (21) gives for the 
9t variation of Fig. 312 the indicated frequency variation. 

Kq.(IK)can be expanded into 

h m -Main Of cos [ff sin wfj + cos Of sin [6 sin td ] 
leading to a general expression 


4 * m 

J» m Im ^ J „(0) sin (0 -f* Qo>)t 


( 22 ) 



which is the relation for the frequency spectrum and where J„(0) is the 
Bwsel function of the first kind and order q. This result indicates that 
a series of side current* of frequencies (0 ± , /w ) are also produced by 
phase modulation. Compared with frequency modu¬ 
lation, the modulation Index in this case does not de¬ 
pend upon the modulation frequency / - w/2rr but 
upon the magnitude of the phase displacement 8 only. 

Figure 313 shows a ease of phase modulation. The 
frequency is kept constant by means of a piezo-electric 
oscillator, In the oscillation circuit two high-frequency 
currents of the name frequency are superimposed 
on each other, so that the phase displacement be¬ 
tween both currents can be varied by means of modu- Pm.sia.—Phaast 

, ,, , , , , , and corresponding 

latum. 1 he Circuit* With In and L% are SO connected frequency'variation. ’ 

and adjusted that the phase angle between the 
current* in the respective branches is 180 deg, and no current exists in 
the Ctf.J.i circuit. If a sound affect* the differential condenser micro¬ 
phone C, the phase* of the currents through In and respectively, will 
be simultaneously displaced with respect to each other and amplitude 
variations occur which correspond to the phase displacements. 

Equation (20) for phase modulation is of the same form as 1/ = /,* 
sin [Of + 0 sin wf] if tin* high frequency /•', fluctuates cosinusoidal about 
the mean value F ** (l/Sbr; that is, F, ■ F f A/' 1 cos wf. In order to see 
this, it is only necessary to put 8, » 0 sin «/. In many oases phase and 
frequency moduint ions mean therefore the same thing. The original cause 
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of frequency modulation is often produced by phase modulation, although 
a distinction must be made between frequency and phase modulation, 
The production of frequency modulation normally consists of changing 

either the capacitive or the inductive 
reactance of an oscillator so that 0 = 
1/V CL is no longer a constant but 
either Q, t = 1/y/ C t L or =1 /s/CL t . 
m. This means that the phase angle of 
the circuit branch is rhythmically 
Fio. 313. — Arrangement for produc- changed and the frequency changes 
effeotr PlltUti0 ™ natlons dua to phaso accordingly again to produce in-phase 

condition. Since for such a case the fre¬ 
quency change always compensates any phase change which would other¬ 
wise exist, it may be called a frequency modulation in the true sense, 
because it happens directly in the source which produces the oscillations. 
If an alternator is used, frequency modulations may be due to irregularities 
in the speed (hunting), irregularities in the slots and windings, etc., and 
there is again true frequency modulation. True frequency modulation 
also happens in tube generators when amplitude modulation (either 
grid or plate modulations), because of back action during the modula¬ 
tion period, produces sufficient changes in the effec¬ 
tive plate voltage of the oscillator to give variations 
in the high frequency of the produced tube oscil¬ 
lations. This can be practically avoided by using 
a properly designed piezo-electric oscillator and also 
by using master oscillators. By phase modulations 
may be understood variable phase shifts which* can¬ 
not vary the generator frequency. Such phase 
shifts take place in intermediate circuits sometimes a ing ^ r h a y highTreqSincy 
large distance from the source. They can take place amplifiers may give rise 
in high-frequency amplifiers (Fig. 314) which are con- t0 phaso modulatlon - 
nected between a high-frequency source and an aerial. Phase shifts 
may occur during the hour when the ionized layer, so to speak, “fluctu¬ 
ates" and the paths of the indirect rays vary in length. Cases similar 
to the Doppler effect in sound are then dealt with. They may also occur 
on long electrical high-frequency lines or for synchronized broadcast 
stations. Interference patterns at some point of reception due to variable 
phase shifts will then cause distortion on account of undesired modula¬ 
tions. In such cases as for the Doppler effect in sound, the frequency 
of the source may be absolutely constant and, nevertheless, variable 
phase variations at the receiver end will produce frequency variations and 
thereby undesired frequency modulations. The case of an undesirable 
phase modulation in a stage of high-frequency amplification is indicated 
in Fig. 314. The grid voltage ej is a sinusoidal voltage taken from a* 
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piezo-electric oscillator. A tuned plate circuit with a coupling con¬ 
denser C (i to the next tube is used. Since the effect of this condenser may 
be neglected, the equivalent variable current circuit is as shown in the 
figure. I he resistance r„ denotes the effective resistance across the grid 
filament of the succeeding tube, therefore also including the effect of 
resistance r. If the grid should go somewhat positive, r 0 will change 
considerably, since the internal resistance of grid to variable current is 
d&ti jdi t i* Assuming plate tuning and v 0 very high, say practically infi¬ 
nitely high, the voltage applied to the following grid, for the abbre¬ 


viation p - L/(CR) is e 3 


e\p 


r P + p 


j- with a phase angle 0i 


tan" 


__. R 

u{r P JiC 4* ~L\ 


w C 


while for any finite value of r„ 


e 3 


Cl p 


r P + 


1 + 


with a phase angle of 


r B JL 


OlC 


tan* 


1 

R 

" 1+ ?1 1 
L r °J ‘ 

J 

rJiC + L( 1 + r AM 

v 1 

L 

— i 
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PHasa modulation 

yvw 


[HoMdod potfm 

fofmrrurof mfa 
a! mo*unum 
dilation 


Xp *I m dm (SdFt -to sin 2 rrff) 
F f of cos gvft, 


{ tOMattan' 


Fntj. modulation 

\N\j \ 

f} »rtAn 


Xwft. 


For small values of r„ the angle 0* -> tan -1 [R/uL] is approached. Then 
the phase angle never varies by more than 90 deg. The value of p is 
often in the neighborhood of the tube resistance r p and the phase may 
vary over a maximum value as much 
as 45 deg. 

There seems to be a certain 
amount of confusion concerning 
phase modulation. If frequency 
deviations occur at the receiver 
which cannot be attributed to Blmilar 
frequency fluctuations in the high- 
frequency source, phase modulation 
is the cause of it. Phase modula¬ 
tion may then lie due to poor tuning 
of the carrier-current circuits so that unsymmetric changes in pnase and 
amplitude of the side frequencies occur. Phase modulation may then 
also be due t o a nonlinear work characteristic of certain portions of circuits, 
as, for instance, brought out in connection with Fig. 314, or in the case of 
coils using an iron core (impedances which depend upon the amplitude), 
etc. 


I Aiopiiiwto modulate*! 


Ip -ainZnFt (ItKariZirH ) 
FfF 

Flo, H15. -The three types of modu¬ 
lation (F carrier frequency; / »*» modu¬ 
lation frequency; T » 1/F). 
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Figure 315 shows the throe types of modulation. The modulated portion of the 
carrier is shown at the instant of maximum deviation. I lit* means that 0 gives the 
maximum value of phase shift during the periodic change B sin w( ami A/ 1 the maximum 
frequency deviation for the frequency-modulated wave, respectively, Htncn T, m 
l/Fi denotes the smallest period during thu periodic frequency modulation, AF - 

JL - L For both phase- and frequency-modulated waves, the elmraeteriKtic terms 
T 1 T 

Bin (Qt + 0 Bin at) and sin (01 - $ cob tat) appear mul both Umm have the form 
sin (0 1 + ft), as already mentioned above, if in one cm ft * 0 mn td mul in the 



Fig, 310,—Determination of frequently modulation for an amp! i tuilwroaduiated earrfor by 
meiuts of a heterodyne variation, 

other case ft « —/3 cos taL The wave form in either awe in therefore the name for 
sinusoidal modulation in either ease except for the amplitude of the tntMlulatkm, 
which is in one case 0 and in the oilier ewe $* Thl§ in, however, not true for any 
other modulation variations, si&ee the frequency variation due to variable phmm 

shifts is L Hence for a 'square-topped modulation in frequency, the 

frequency is equally varied all along the square-top portion. For the phase modu¬ 
lation this holds also as far as the phase shift ff is concerned, while no mtmmfHmdittg 
frequency modulation can exist for the flat-top portion of the phase modulation, nine* 
the time derivative is aero. Thus if a phase modulation ft, as in Fig, prevails, 
the corresponding frequency changes give an entirely different wave shape. 

18Bi» Determination of Frequency Modulation. -This h Nwotiaily 
the procedure as used in the classical experiments by U. Burn, DeLow 
K. Martin, and R. K. Potter 1 and recently by A, Hcilmann,' who hag 
also developed a stroboscopic method, and is as indicated in Fig. 816, A 
low modulation frequency, about 25 eyeles/see is uaed to modulate a 
tube generator. This generator is very loosely coupled to a high-fre¬ 
quency shield-grid amplifier which is carefully screened except the small 
input coil L. It is also affected by a loosely coupled heterodyne oscillator 
to produce about a 1000-cycle beat note with the mean carrier frequency 
of the tube generator. A demodulator is used between the high-fre¬ 
quency and the audio-frequency amplifier. The audio-frequency 
amplifier is designed so that it transmits a 25-cycle variation very poorly. 

1 Loc. tit. 
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The output current affecting erne vibrator of an ordinary oscillograph 
will then show a variation of a 1000-cycle signal with a 25-cycle modula¬ 
tion iti amplitude, By means of the timing wave below, any unequal 
distances such us d%, <1%, and da can be expressed in time and the cor¬ 
responding change AF in carrier frequency F for a modulation period 
to be found. 

186. Determination of Phase Modulation.—If, for instance, at a 
receiving station, tests are to be carried out for phase modulation which 
produce distortion due to corresponding frequency variations, it is 
possible to find the frequency variations which can be determined with 
the method in the last section. The generator 
which is modulated in amplitude is then part of 
a sender station, while the coil L of the receiving 
set is coupled to a coil in a receiving aerial. The 
oscillogram indicated in Fig. 317 then represents 
the fluctuations of the beat tone, which is pro- 
dueed by the superposition of a sinusoidal high- 
frequency current due to the heterodyne oscillator 6 
and the received current of desired amplitude 
modulation. The distances along the t axis are 
sealed off and expressed in seconds by means of 317.—Detemi- 

the timing wave. The, corresponding frequency nation W phase change m 
changes are then computed and platted as the AF of KI ' ftpllic,J 

curve. According to (21) the phase change AS is 
obtained from the frequency variation AF «« F, — F by means of graphi¬ 
cal integration, The stroboscopic effect can also be used in the deter¬ 
mination of phase and frequency modulation (Fig. 318). If only 
amplitude modulation prevails and no voltage impulses e% are 



Pim sis. tWtorminwitnn of plum modulation utlliaing tha iitrobosoopio effect of a 
fniht«n» faj' nm (tttirvmi dark resiun show# that phase modulation in superimposed 
while for only siiwjditiido mudutatioii iitnW)t dark radial tnw ahowi up la th* ooaosaWe 
ring patiernJ 

Imp-rawed, the fluoresoent spot of the cathode ray traces out 
a ring-slmped illuminated area, th® width w of which depends 
upon K, the degree of amplitude modulation. If synchronized voltage 
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impulses also act (frequency of these impulses equal to or 
m integer multiple of the intermediate frequency (0* — Ot)/(23r) 
0/(2ir), an illuminated circular area with a dark radial trace (dotted in 
Fig. 318) is described. If the amplitudcnriodulated antenna current 
is also modulated in phase, the dark trace appears curved. 


For details, reference is mads to Fig. 319. The upper diagrams allow the mm of 
m unmodulated carrier (Bm**®*) ami an ampittiidfMmidolatod carrier 4 * 

K sin <d\. For the former, the well-known circle k traced by the fluorescent spot If 
equal voltages of the carrier produce a circular polarisation across the defieetiM 
quadrants CiC«&nd C$C^ m in Fig. SIS for e* * 0. For pure amplitude mmUiktkm 
the circular-ring area is described by the fluorescent sjwt and the degree of madukfem 
is computed from K « (Mi — E%)/(Ei + BU) » w/(2B m )» Hence, m long m th# 
carrier frequency 0 /( 2 *) remains constant, the racUue vector describes equal angle* 
in equal times. If the earner frequency fluctuates, however, different angles a#e 
produced. To observe any such angular changes, the timing impulse #« (Fig. BIS) 



Fio. 819**-" Vector trace# mi the fluorescent smut of a rsthmit^ray tube ter no mats# 
Intion, pun* amplitude modulation, and phase modulation A 0 , superimpCHied on attitilifenii 
modulation. 


is impressed so that two consecutive #i impulses (produced by a largo ft input) *$• 
equal to. the period 2 * 71 * of the unaffected earner. According; to the nimUwmtpk' 
effect, the impulse will then produce a quick “sweep off M of the ilmmmmit spat 
always at the saint point and mark a darkneea spot A as indicated in Fig. 319* If 

pure amplitude modulation exists,. the spot will tgpjggf 
the darkness line ABAGABA, etc. But, ter mpm* 
imposed frequency or phase modulation, the iyniuhw^ 
nixed timing point A has a component which movenlt 
up and down owing to amplitude modulation and a 
component which moves It back and forth to each sfela 
because of phase changes. Hence, a curved dark 
timing trace 123 must appear m indicated In Fig. Sift 
Similar to the method described In cormccthm with 
Fig. 818, the arrangement of Fig. SIS rnttfas m 
the determination by means of a difference frequency. It is then tssemtial timt 
the intermediate frequency current produced by interference of tho anteim^ 
current, to be examined with that due to the local oscillator, pr*»rv«i the maw* degtc# 
of amplitude and phase modulation as exists in the aerial current. To sssuie tide, 
the amplitude dim to the local osritialor must 1 m large com pared with the lutipiiMis 
due to the aerial current. Such an operating jam it on the rectification ehmm'tmmk 
of the frequency mixer must he chosen so that the modulation of the f^rrmpaMulSag 
amplitude fluctuations occur along a linear portion of the eharactertatie. lionet*-, f 
the voltage due to the antenna current has the form JS* tin (lid + # sit» id) Cl #11 


x+i 

x awvwnaa^mvww 
i vwvMwmwmNv 

Fla. 830.—Amplitude mod¬ 
ulation produced if two fre* 
quen oy*modulated w a v e a of 
constant amplitude arc super* 
imposed* 
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sin cot) and tlie local oscillator superimposes the pure sinusoidal yoltage E 2 sin Oa t, 
for which the amplitude is large compared w ith Ei, for the amplitude of the mixture, 
T K sin cot) 2J r E 2 2 + 2 EiE 2 (l -f K sin ^)}{cos [(Q^ + Tsin cot) - ft a 7]} ^ 

+ 2 i-|r(l + K sin cot) cos [(Q^ + 6 sin cot) &2 1] 

since i£i 2 is negligibly small compared with all other terms. Hence, there is an expres¬ 
sion of the form E%'\/l +25 where 25 is small compared with unity. There is then 
obtained the approximation 1 + j|i(l + K sin at) cos [(£»,. - 0,)* + 0 sin »i]£. 

Hence, if the rectifier operates linearly between the limits + ^(1 + K)J and 

~ ^ 1G a ^ 10ve relation is also the expression for the intermediate 

frequency variation with the same amplitude and phase modulation as the aerial 
current. 

187. Notes on the Superposition of Two Frequency-modulated Cur¬ 
rents of Constant Group Phase Shift.—With the method described in 
connection with Fig. 301, a wave in space of constant amplitude but with 
frequency variations about a mean frequency can be changed to a 
current of variable amplitude. This means frequency modulation *is 
partially translated into amplitude modulation. Now, if as in Fig. 
320 two frequency-modulated waves I and II, which are as a whole 
shifted against each other, are added (I + II), they will in addition 
produce amplitude variation. The resultant is the characteristic fading 
record. The frequency variations may be due to inconstancy of the 
frequency of the generator at the sender end (as reported in the paper 
by R. Bown, etc.), 1 or due to rapid fluctuations of the path of the 
indirect ray (in reality Indirect rays). The same thing happens for 
synchronized stations sending out the same program at the same time 
and being received by one and the same set. This case is then somewhat 
more involved, since any frequency modulations due to frequency fluctua¬ 
tions at the respective sender' stations will not happen in the same 
manner and the unmodulated carrier waves arriving at the receiver will 
generally not have the same amplitude. Undesirable distortion will 
then occur, owing to superimposed frequency modulation and the effect 
on the amplitude of the resultant wave. Whether one deals with 
synchronized broadcast transmitters or the one sender only where for 
simplicity’s sake it is assumed that only one sky ray interferes with a 
direct ray at the receiving station is immaterial. Taking therefore two 
transmitters, according to the relations leading to Eq. (16), for a fre¬ 
quency modulation at the sender stations, the instantaneous value of 
the high frequency is Ft = F + A F sin ut, if A F denotes the maximum 
frequency variation about the unmodulated carrier frequency F and 
sinusoidal variation of modulation frequency u/2ir - f is assumed. 


1 Loc. tit. 
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Suppose the case is taken where F t denotes the frequency of two synchro¬ 
nized senders and di and di denote the respective distances to a receiving 
station. If c is the velocity of wave propagation, the instantaneous 
frequencies of the currents induced due to the arriving waves are I<\ = 

t - ^ and F 

frequencies are in cycles per second, t in seconds, the distances in cent!-' 
meters, and c=> 3 X 10 10 cm/sec. The phase difference between the 
arriving waves can be found from the instantaneous frequency values 
F i and Fi, since these frequencies give the rate of change of phase of 
the periodic function. Hence the instantaneous value <f>% for the phase 

of the wave arriving over the path d\ is obtained from <pi = J^2irFidt, 

and for the other wave <p 2 = J^2xF 2 df denotes the instantaneous values of 

the phase at the receiving station, Tor the resultant current induced 
in the receiving aerial, the phase difference <pi — <p 2 is used. Sine# 
<pi — <pi continually changes, the resultant received current will experience 
amplitude changes which produce distortion. 

188. Effects of All Three Types of Modulation.—-If a high-frequency 
current sin fit is modulated in amplitude as well as in frequency and at 
the same modulation frequency «/2x = /, the instantaneous value of th© 
current is 



F + AT sin 2x/ 


0 - %■ 1 


if the 


I 


it 


I n sin [£M'+ |8 sin <4][1 + K sin (c ot + \p)] 

+ oo 

03) sin (0 + ~ 0.5IUM cos {[SI + (q + l)u]t + 

+ 0.5JKJ,OJ) cos {[0 +(q~ l)«]f - *}) (M 


where J,03) is again a Bessel function of the first kind and order q. If 
(3 is taken small so that the first two side frequencies only are of concern, 
there is for unity amplitude if expressed in cosine terms 
cos [CM + (3 cos (wi + <?)][! •+• K cos art] = cos (fit + fS) cos (w t + <t>) — 


frequency affected carrier current 

0.5.K cos 1(0 +■»)* + 0 cos (cot + v»)} + 0.5K cos 1(0 - u)t + 


one aid© current 


other side current 


j3 cos (cof + cp) 1 (24) 

other aid© current 

The carrier as well as the two side currents are no longer of constant 
frequency but change as in Fig. 321 over a range j3w/2x = Af2/2x = AF. 
The amplitudes of the two side currents are 0.5I£ and the carrier as w©|g 
as the two side frequencies, "vibrate” as a whole to and fro with a 
maximum swing A F. Hence at any instant the difference frequency 
between the carrier and each side-current is the same constant. Figure 
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322 givt*H the measured value* »f W. Rung*' here expwwed in terms 
,f tiir theoretical hqn <*«), (10), (17), unci (18) and (22). The repre¬ 
sentation lor amplitude and frequency modulation only (only K and AF 
mmliiliitioit) confirms exactly the theory brought out'by the respective 
matmtw 

(),r.A7„! - cohI&I/** + /)/) + (Hml'Ixif - f )(|| f ()r amplitude) . , . 

- co«|2»f* + /)/) - cos |2ir(7-' - f)t]\ for frequency! mtKlu ^ U,W1 

(25) 

ns taken from (10) and (17) where K to the ratio of the amplitude i m 
of the modulating current of frequency / to the amplitude /„ of the 
carrier current of high frequency F and ft the ratio 
( »f the maximum frequency variation AF from the carrier 
frequency F to the frequency / of the modulating current 
Since the e.wine terms have opposite signs for the aide 
current of frequency {F - /); that to, the currents O.ftAf „ 
«*(tt-«)fandO ; W/ w «Hi(tt - wit are in antiphase, they hh„X lb « 
iisiiM prtKiaoe it diffortmiitil action. Thifftfarct tht valita of «t*l two 

the effective imidulntlnn K, on the left side of the * itk *, lml " d * <m ’ 

i ,t- i wii , , , .. , 1 w lh « carrier no longer «m- 

isiii! (r Siw) fiilli ln?lnw t hn A fiu§ for difforoot vtiluss of m * n n ^ * n ft*** 

the frequency / which to tired in connection with the 

constant iK * 20**;) nmptitmk modulation. A value f »/, must 

exist for which this aide current must vanish altogether, since for a 
mmmkm of thin kind 

O*&f m f0 ** AJ mm Cii «)f •» 0 

yield. K - * * md the maximal frequency deviation 

At of the frequency modulation can be computed from 

AF - A’/ s (28) 

In the diagram of the figure, /, - 100 cyctea/ree and, since 20 per cent 
amplitude modulation «iv« K - 0.2, the amplitude of the frequency 


m* 4 * a$K 
—*j — j «*.| « 

Fio. sat.- 





P 


*?’***’ 

kwaaajss* 




r "‘- S5W ' Kofimreul Mir*** htt mmiAttwh mm i tmnewy m writ mm all three type* r»f 

modulation to AF « 20 eyelid-toec. According to (25) the degree of 
effective modulation A'» for different frequency values for/to for the left 
side of t 1 m« /• line larger t him K • 0,2 if frequency moduli.) ion to also present, 

1 tt/uf, fit M 
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From the K, curve* in the other diagram representation of Fig. 322, It 
can be seen that if phase modulation to ate present *Ull more diatortiog 
takes place and the K, curve for the lower aide tend fall* to a minimum 
value M only, as to proved in connection with Kqe. (30) and (31) in the 

H0xH section 

189. Determination of the Maximum Value of Periodic Frequency 
and Phase Modulation, The explanation just given (n connection with 
Fig. 322 gives a method for finding the maximum frequency drviatkm 
A F if frequency modulation is present in addition t« amplitude module* 

lion. It to then only neeeaaary to 
determine I he tor different 

modulation frequence* / within the 
aide-band region, if pure ampli¬ 
tude modulation extol* fur a eon* 

- ■ -Jj' stanl amplitude ratioto f«ofmod- 

F-sf r-«w f ■ ulation t«» hfeb-frequency ampft- 

<Sm * r tude, the dot ted K line to tddaJuad 

fw. KHto-DMaminstoM of ffoaooocjr ,titfi»*»>ns i..|um ,J t llm it 

modulation by naan of U» wqmlaMMal fwr dlffeiwil \ alma «4 f. Bui tf 

tywVd's and PrfV/VtV/VtV m frequency modulation ate exiata, 
^ nurvM ’ the heavily drawn K, curve* af 

Fig, 322 for the effective modulation will to* obtained. Therefor* 
the procedure consists in modulating the carrier in ampiiimk, with- 
a fixed ratio K » !»//«,, for Instance, equal to 0.2ft, and detemtaiag 
the amplitudes /'#/*, and P/fY of Fig. 323 with a rinumkial search correal 
(Sec. fifl, uaing, for instance, the method of Pi*. 90) of known arapUtu# 
and known variable frequency F* if / » 1000 eyeW to the frequency of 
i m which modulates t m to 2ft per cent in amplitude, Since / • 100#; 
cycles to a high-mndulntion frequency compared with undesirable periodic* 
frequency modulations, for carrier (requenetai F which are nut too high, 
it will be found that F»F» to practically equal to /V/Y a* would he 
expected from the theory for pure amplitude modulation. If the 
demodulator to not strictly parabolic and if the term }Kq. f®)j 

of the work characteristic plays ate a part, the smrehdreqijetiey method 
will also locate two additional ride current# of frequeneir* F t tf with 
amplitudes pp and p'p\ Section M given the deaeripthm of severe! 
methods for determining the harmonic content of a distorted current* 
They all are applied to case* for different current* having frequeoriss 
which are harmonically interrelated. This to not tire mm here, rines a 
spectrum of frequencies F, F ± /, F ± *2/, etc,, for different value* d 
f to being dealt with. The effective K, mine for F * / m • function 
of / on each side of the carrier frequency F to of utmost intermit tow. 
The method of Fig. 90 can then Ire used if the indicator *4 the »|wwtctM> 
analyzer gives a deflection prupertiund to tire amplitude product «f 
( ,he search current and that of the particular ride current |Bq 




pm 

K-mUkafl* 

Ipfm 


K*i 
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The modulated current, together with the search current of frequency 
F„ is squared in this procedure and affects a low-frequency indicator 
which is !tint'd to a frequency J f , which is smaller than the smallest 
difference frequency of the carrier and the side current. If F, is varied 
()V er both mde-frequency regions, the indicator gives a deflection pro¬ 
portional to the .amplitude of the particular side current whenever 
p, j« cloae to the respective values F ± f. Since the frequency F, 
and the amplitude of the search current are known, as well as the fre¬ 
quency to which the indicator responds, both t he amplitude of the side 
current am! its frequency F ± / can be computed from experimental 
data. It is then convenient to work with beat frequencies F, — (F ± /) 
not much higher than 20 cycles/wc. For this reason a low-pass filter 
with a cut-off at 20 cycles w*c is used in Fig. 90. A transformer-coupled 
audio-frequency amplifier then follows this filter in such a way that the 
primaries of the amplifier transformers are bridged with condensers of a 
magnitude (a few microfarads) which gives a selective amplification, 
for instance, at about 15 cycles nee. It is now to be proved that the 
beat frequency /> of 15 cycles war for F, - (F ± f) or F, - F, if the carrier 
intensity ># to Is* deiermineii, does not give rise to incorrect readings 
when a current is modulated. 

In «onisMpfi«* (he general raw* of an amplitude- and frequency-modulated 
there re the iwwd ngpiwsion *1 stn Mrft + B) whore A and B are con- 
tinwm» toriww of Uw HtoduUUon fraquMicy/, since A sin (lit + B) - a sin Of + 

b DM W • \4* + h* tin (til + tiu»*« *j^, that is, 4 « v4 r +6 a ; B «taa"‘j and 

« «. 4 «** H and 4 «* 4 «»» B. lienee, if only lUiqiUtiuln modulation occurs, the 
|,h»» B eanntK vary and niuai Ire constant. If tho heterodyne generator superimposes 
a tormonir current D rere 'ME - /»)! on the modulated oummt and ft denotes the 
|*»w fnqwwy (I# cyrlc* in the above care*) on which the indicator of spectrum 
nf r iy «-» ,g | m on give# maatmiun response, the squaro-law detector gives 

14 „j tt m 4 rn t> mm 2*1 F - MU* • 1 /> mm ME - J>M + a sin at + b cos ill) 1 
Ttn» useful term* of notation give 2r*0 sin (2«/i4) +• 'HiD cm (2r/d) *• 

34 D sin |3*/»if + B\. 

Fr».u* this discmreion it is found that a current, modulated in both 
amplitude and frequency enters the spectrum analyzer in the form 

A sin (HrFt + B) (27) 

and affect* the indicator of the analyzer in the form 

24 D sin |2»/d + B\ (28) 

This means that neither A nor ft, which are the continuous functions 
,,? the modulation, has Iren changed, but the frequency b has been 
changed to the l**»t frequency/*,, to which an indicator can be readily 
tuned timing « vibration galvanometer, the General Radio oscillograph, 

etc.). 
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From thin it in also tmckmk that, ter superimposed fmiueney modulation* for 
which B m no longer a constant but equal to 0 win %*fU ib«* k»w4rw(|iu»iioy eummi, 
after heterodyning and detector action, homines 

2wfd Hh y win 2wfi 

and a variable audio frequency will be Heard in a telephone reeeivt*r to 

the output of the rectifier. But, for small values of 0 » AF % this in not true unlw 
the variations are so low that the ear can follow them and the frequency erf the wound 

,* P 

2wfd + Y «in %tft 

Comparing (27) and (28), it, is evident that the factor 2 enters and 
that K is equal to the double ratio of the amplitude noted for the side 
current divided by the amplitude noted for the unmodulated carrier. 
Hence, if the deflection noted for the unmodulated carrier is d, and that 
for the particular side current is d„ then A, » 2cf»/d# is she degree of 
effective modulation. This is done as in Fig. 823 for severe! values of 
modulation frequency/, for instance, for 800,800,400, and 200 eyetee/MC. 
When frequency modulation is also present, the deflection* obtained 
for spectrum frequencies (F — f) will coma out smaller them for the 
corresponding values of frequency F +/. The reason for thin to given 
in the preceding section in connection with Eqs. (28) and (28); that is, 
the experimental points P», P„ P if P», P, are below the K ttne and fora 
the K„ curve for the lower side hand, while the experimental point* P% , 
P s'i P*'i P(>', Pit lying above the A line, form the K, branch for the 
upper side band, giving rise to distortion at the receiving end. According 
to Eq. ( 20 ) the maximum frequency deviation &JF from the mean value to 
computed from AF « Kf% where A in this particular mm, to 0.25 and 
/» - 2Q0 cycles found from the A, curve where K t • 0 to obtained. 
Hence AF «■ ± 60 eyoles/ssee. 

For the determination of phase modulation, one must distinguish 
between the procedure with frequency modulation present and for only 
phase and amplitude modulation. According to (18) for mmll values of 
maximum phase displacement 6 for phase modulation. 


«• /» + AF « 


observed at any instant is /■ 


1 dT 
fti. 


2 A l) tin 



• * Im Sin (Of -f 6 sin wf) 

™ -fwifsin ill coh (6 sin tat) + otm CM sin (8 «in wf)j 
Sf /»{sln Of + cos ill 6 sin td\ 

m I 'Zi!L5 l + Q,Mm 8in + «)* + 0.M/. sin <tt - u)l 

aitrrbt* eumtifc mm §i<t# % 'SiCf"’ 


(SO) 


Comparing only the olmraofcarisite side ©urrtntft cwurrlug fur amptitiidi, 
frequency, and phase modulation, 

0.5A/ m { — cos [2nr(F + f)l\ + cos [2ir(F — /)f||amplitude) 

9-K-J 7 008 in + 0 l ) “ tm ~ /Witfrequency ! nmduJnUon 
O,60/ m | + am \%eit< 4- f)t\ + sin |2*r(F -• /)fj| phase | 
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Hence, for small values of 6, which is the assumption for the last expres¬ 
sion of (31), the side currents due to phase modulation occur at right 
angles to the side currents due to amplitude modulation as well as the 
side currents due to frequency modulation. The same can also be seen 
from the corresponding expressions 

Ft = F + Of cos (2? rft) for phase 1 

Ft = F + A'F sin (27 rft) for frequency)modulation (32) 

for the instantaneous value of the high frequency. The effect is that the 
degree of modulation computed from the amplitude ratio comes out 
somewhat larger than the measured value. A difference would then 
be noted only for considerable phase modulations, since rectangular 
addition is made. Therefore the method just described for finding AF, 
if frequency and amplitude modulation only exist, is unsuitable. But 
if frequency modulation and amplitude and phase modulation are present, 
the phase-quadrature effect due to phase modulation can be recognized 
by the minimum value k } obtained at M in Fig. 322 on the K e curve, 
instead of the absolute-zero value of K e for which the respective side 
currents due to frequency and amplitude modulation cancel out in the 
lower side-band region. From Eq. (31) for the lower side band, 

[0.601m - Q*5KI m ] cos (0 - <d) + O.50I m sin (0 - <a)t = M m sin (0 - u)t 

vanifthou afc point M (Fig. 322) 

where k denotes the small value K, = k of modulation left due to phase 
modulation. Hence 0.50 sin (0 -to' )t - h sin (a - «)(. The maximum 
value 0 of phase modulation can then be computed from the formula 

0 = 2k (33) 

For the case Bhown in Fig. 322, the value of k is 0.025; that is, 0 = 0.05 
radian ■» 0.05 X 57.3 = 28.7 deg. 

If phase modulation but no frequency modulation exists at the same 
time, the same method is possible if a known frequency modulation is 
superimposed and the current amplitude also modulated for the constant 
value K - The values of K, found with the spectrum analyzer 

of Fig. 90 are plotted as in Fig. 322 against the modulating frequency 
/ of the amplitude modulation and 0 computed from the minimum value 

of K„ » k by means of Eq. (33). , 

If also a fixed phase angle * exists, for a current whose amplitude 
and phase are modulated sinusoidally and for small maximum phase- 
angle amplitude 6, 

Jap — Im[[ 1 + K COS of] COS [Ot + 0 COS («* +■*)]) 

r= I m {cos Ot - 0.5 K 6 cos i sin m 

4 . 0.5 K cos (ft + a)t - 0.50 sin [(a + to)f + M 
+ 0.5JC cos (a r- to )t - 0.50 sin [(0 - w )t - i] 

— 0.25 Kd sin [(0 + 2 <a)t + \t] 

- Q.25K0 sin [(O - 2a ,)t - 


( 34 ) 
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Distortion therefore take* place, since additional term* appear ami only 
for ^ * 0 does the upper first-order aide current, equal in amplitude ttmt 
of the lower side current, 

190. Notes on the Modulation Frequency in Television Work,— 
Present-day experiments on television are based on scanning, if a 
Nipkow disk is employed, the number of apertures N whirl* are spirally 
arranged and the speed 8 in revolution per second of the disk determine 
the modulation frequency / with which a carrier is to be modulated. 
It is computed from 

/ m 0.8 SP oydea/seo (38) 

where P denotes the number of picture element* per frame, lire factor 
0.5 appears in this formula, since the maximum rate of change in light 
intensity happen* from light to darkness from one picture element to 
the next and causes one alternation. For one revolution of the spiral- 
apertured scanning disk, the field of view is divided in «* many parallel 
lines (slightly curved) as there are openings N in the Nipkow disk. The 
smallest area which is scanned is called a *' picture element ” and its 
size is determined by the smallest part of the picture which should be 
distinguishable. If the field of view is of square shape, there are for ,V 
apertures in the disk P «* N $ picture elements per frame which, for 50 
openinp in the disk running at 8 - 20 r.p.s. aeeordlfig to (8ft), would 
give a modulation frequency of 28 kc/nec and for double aide-band 
transmission a channel as wide as 50 kc/wc, in spite of the fact that 
50 lines would make a face only recognizable without details* white 
such details, as, for example, wrinkles, would require at least 78 aperture* 
in the disk, giving a modulation frequency of / » 0.8 X 20 X 8025 * 
60.26 ke/see. The speed 8 must be at least 18, since objects in motion, 
as is well-known from the technique used in moving picture*, require 
sueh a repetition per second. When largo scenes as outdoor life, etc., 
are to be televised, very many line elements per frame are required for 
good reproduction and the modulation frequency required become* 
almost unreasonably high. If the field of view it not of square shape 
but has a vertical to a horizontal edge as 4 to 8, there fa for AT • 80 
apertures iu the disk from n : KO » 5:4 the value of n • 100, and the 
number of picture elements per frame is P ®» 80 X 100 which, for 
8 » 20 r.p.8, according to (34), give* the modulation frequeney f » m 
kc/BOe. 



CHAPTER XV 


DETERMINATIONS ON AERIALS AND LINES 

When dealing with high-frequency lines and aerial systems, static 
constants of capacitance, inductance, resistance, etc., must be distin¬ 
guished from correct effective constants. This is even more the case 
when dealing with natural line oscillations which occur in tuned aerial 
systems where voltage and current distribution are known. There are 
also apparent effective constants. 


L The static or true constants Ca, La , and Ra of capacitance, inductance, and 
resistance of an aerial presuppose that the potential and current distributions along 
th© conductor are uniform. Therefore the static constants may be considered as 
geometric quantities of the aerial system. 

2. The correct effective values C e , L e , and R 6 take the actual distributions of 
potential and current along the line into consideration. They determine the effective 
decrement h « as well as the effective oscillation constant C«L e . For any 

inductive aerial loading Lo» for instance, at the grounded end (as customary), for 
th© generalised hyperbolic angular velocity n = a ± there is the relation 1 n[L e + 

L«] + *" 0* If a high-frequency line which is open at the free end is excited with 

an audio-frequency voltage, one has practically C e « Ca) L e = La /3 and R e = Ra/ 3, 
sinoc the aerial system behaves toward the currents of such a low frequency as a 
short electrical conductor producing essentially constant potential distribution along 
the conductor. The effective audio-frequency current falls off practically, linearly 

toward the open end. . 

S The apparent correct aerial constants C 0 , L 0} and R e assume sinusoidal and 

cosinusoidal current and potential distributions along the conductor. However, the 
equivalent lumped aerial made up of lumped values of C„ L„ and R, will only con m 
the true fundamental-resonance frequency of the antenna, but as a rule not give the 
corm-t value for the resonance current. This means only the product C^L, is con¬ 
firmed, but the ratio L./C. which is basic in the decrement formula u not always 

§&tiffed. 

The correct effective aerial constants defined under 2 are of utmost 

‘“wTaotes on Formulas Used for High-ftequeney Iin».-Th. 

impertanoc experienced St the generator end, if looking mto a line which 
is terminated through an impedance Z at the far end, is 


rr rr % + tanh 0 
A x - ^0^- + z tanh o 


( 1 ) 


, For tang horizontal aerials with ^relatively short lead-in to the station, the 

L # 

rotation w(L# + M — 

of approximation if simnsoidal excitation prevails. 


cot aVClLl = 0 holds to a good degree 
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if Zo « Vr + juL/Vfl + jwt* a VlTc denote* the surge tmpedanre, 
Q ■» nl the electric length of the line of geometrical length f. Fits 
quantity n - a + 0 is the propagation oonatant, with the real term a 
m the Hpace attenuation and the imaginary term d as the wave-length 
constant per unit length. The quantities r, n, nnd V are the line eon- 
atants for unit length fur resistance along the line, conductance »mw» 
the line, inductance, and capacitance, respectively. The surge imped¬ 
ance Z B in many high-frequency eases can to considered m a pure 
resistance, since -s/L/C is in ohms nml a real quantity. It is the imped¬ 
ance measured at the generator end if the line to infinitely h»n« or la 
terminated at the free end with a resistance equal to y/L f*. The line 
then acts as If aperiodic. For a parallel-wire system «f spatting a tot wren 
centers of the cylindrical conductors of diameter d, it to 

%„ - 120 log. ^ -278 log,, £ (2) 

which does not hold for very small spaolnp, tint® the proximity effect 
(d/a) 9 is neglected in comparison with unity. For a 800SI line a « 74.2 d. 
For high-frequency work for the attenuation per unit length, 

a — «■ +* 0 AgX% (3) 

This is a very useful formula. The wave-length constant tod* 2*/// 
if d danote&the velocity of propagation along t he tine. If it to twsumed 
equal to the velocity of light, d * e ** 8 X i0‘® cm/see, if / to in cycle* 
per second, and the unit length of the line to 1 cm. If the line to *hort- 
circulted at the far end (Z - 0), Eq. (1) gives the impedance measured 
at the generator end 

Z m . -» Z» tiuih SI (4) 

For the far end open, Z « ami 

Z m «• Zs cotanh II (8) 

The results of (4) and (5) are very useful formula* for finding the values 
of natural-line frequencie*. They are obtained for Z m and % m equal 
to zero. Combining (4) and (5) results in another expression for the 
surge impedance, namely, 

Zn * %/#*- Z m («) 

This means that St is only necessary to measure the input voltage Si 
and current /i for the open-ended line and the E% and h for the ftw end 
short-circuited and compute Z% from The propagation 

constant n of the line to 

l . ... Z„ + Z M 

tk m QOftQ * y*"- •*-****•** 

M d* m *■ 


m 
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It, can also be found from 


I W 1 + vz ac /z 0l 

* St i-VTX, 


(7a) 


where l denotes the unit length of the line. 

Lt. W, 0. Howe and L. W. Austin have given formulas for the static 
antenna capacitance. Howe’s formula is 


1 a *■ A 


+ 0.58 


A 


1 + 0.0375 


| 1 + 0.0375gjl0 -5 (8) 


where Ca is in microfarads, and Austin’s formulas are 


C A 


4 VI + 0.885 
Ay/A + 0.885 


10 “ 5 for aerials which are not too long and J 
distance between wires not too large \ 
1 0.015g 10~“ 5 if the length l is morel 

than eight times the breadth b) 


(9) 


where* C A Is in microfarads. The quantity A denotes the area in square 
meters, h the height, l the length, and b the breadth in meters. Howe’s 
theoretical formula gives about the same values as Austin’s empirical 
formulas. This error is about 10 per cent in each case. 

In the ease of the formulas on the effective height of aerial systems, 
it must to understood that the index of refraction of the ground plays a 
part. Since the effective height of a loop aerial can be readily com¬ 
puted from its dimensions and the frequency employed, it is often used 
to determine the effective height of complicated aerial systems. The 
effective height of a loop aerial is 

hj mi - 2Nh sin 1.045 X 10“ 6 a/ (10) 


if a rectangular loop of width a m, height h m with N .turns is used for a 
frequency / in kilocycles per se&md. If the width a is smaller than 
about one-sixth of the wave length in meters (X la) = 3 X 10 6 // (k0/m) ), 
the sine of the angle becomes equal to the angle itself and 

h, 3* 209 X lLr 7 ANf (10a) 

if A «■ a h denotes the area of the loop in square meters. The form 
factor F of a loop aerial is then F =* 209 X 10~ 7 afN, since the actual 
height h of the frame multiplied by F gives the effective height. 

192. Determination of Surge Impedance and Propagation Constant. 
For good one-sided direction effect of a Beverage antenna as in Fig. 324, 
it is necessary to ground the far end of the long horizontal aerial over a 
resistance equal to the surge impedance; that is, B must be equal to 
y/t/iC. Therefore it is necessary to determine experimentally the 
value of R. This is done by plotting the impedance ratio E/I as obtained 
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from the volt and ammeter readings against the frequency for certain 
fixed R settings. For the value R = \/ L/C , which in this particular 
case is about 400 Q, the aerial system acts as an ohmic resistance for all 
frequencies. For a short-circuited far end (R = 0) the heavily drawn 



Fig. 324.—Determination, of the surge impedance of a line aerial. 


space resonance curve is obtained, while for the far end open (R == °°) 
the dashed multiresonance curve is obtained. For R » 2000 the 
dotted resonance curve exists. According to Eq. (6), the heavy line 
is the geometrical mean for the curves obtained for R = 0 and R = oo. . 
It is not always necessary to take the voltage readings (E) also, but R 
is varied until the reading of the current meter I remains essentially 
constant, while the frequency f is varied for constant-input voltage. 
The value of R could also be found by taking the voltage and current 
reading E = Ex and 1 = h for the free end open and the readings 
E *» E% and I = Z 2 for the free end short-circuited to ground and com¬ 
puting R » *\ZEiI%/(IiE%). This is also the method often used with 
the double line. Instead of taking voltage and current readings, an 
impedance bridge can be used which gives the value Z oc = E 1 /I 1 and 
Z m — E%/I% for the open and short-circuited line. As an impedance 
bridge, the differential system of Fig. 50 is convenient employed for 
higher frequencies. The ground of the balanced transformer is then 
omitted. The test line goes between terminals XX if a double line is to 

be tested-; otherwise the aerial wire is con¬ 



nected to the X terminal next to the P 2 coil 
and the ground is connected to the other X 
terminal. A variable standard reactance X 8 
and a decade resistance R 8 are connected in 
series and form the variable standard. If the 
balance settings R s = R\ and X 8 = Xi for the 


Fig. 326,—Determination 
of surge impedance. (R\ ia 
resistance of the line experi¬ 
enced across input terminals 
3 and 4.) 


line open at the free end are expressed as the 
impedance Zi = \/Ri 2 + Xi 2 and, for the far 
end short-circuited, the balance settings P 2 and 
X 2 given as Z 2 = VP 2 2 + X 2 2 , the surge 


impedance is computed from Z Q = V Z x Z 2 . According to Eq. (7), 
the propagation constant n is computed from 



Z i + Zi 
Z x - Zi 
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Figure 325 shows the method due to C. A. Boddie* for measuring surge 
impedance on power lines used for high-frequency work. It again makes 
use of the fact that for a loading B 2 = VL/C the resistance of the line 
when looking into terminals 3 and 4, is also equal to VL/C. 

{• ' 1 ' 1U l S '^ ch 18 connc -«'ted on 1 and 2, and the circuit is tuned by means of C 
to the desired frequency with r cut out, giving a suitable resonance reading 7, fora 
proper coupling M, & 1 

, n 2 ; Tlw resistance r (decade box) is gradually cut in until the resonance current 
falls tofor the setting r - r„, which is the effective resistance of the closed circuit 

With a certain load resistance and r cut out, the switch is connected on termi¬ 
nals 3 and 4 and C again varied until the current-meter reading h gives a resonance 
setting. The resistance r is gradually cut in until for a value r = n half the reso 
nance current is obtained. The value B, - n - r„ then denotes the input resistance. 
The Hi characteristic is plotted for different values of load resistance Tii for equal 
abscissa and ordinate scales. The intersection of the 45-deg line with the R 1 charac¬ 
teristics gives point P whose ordinate or abscissa gives the surge resistance of the line. 

The method described in connection with Fig. 324 can also be used 
to find the surge impedance by measuring the input impedance Z x and 
Z 2 for open and closed line at the far end by means of a volt and ammeter 
or a suitable impedance bridge. However, it will be often found for 
long electrical lines (as a result of tuning) that values are obtained which 
are either very large or very small. It is then better to take the input 
readings Z a and Z h for two suitable terminations R a and R b at the far end 
and compute the surge impedance Z 0 , according to Eq. (1), from 


p Ra Rb 


where r «■ R„ — Rb 
unit length is then 


The propagation constant per 


■ tanh" 1 Z o 


For very high frequencies the methods described so far are not very 

reliable. The arrangement of Fig. 326 is 

then useful. The line is tuned for resonance 0 

by means of Cu Next, the line is shortened e _ S _ PvH 

by a distance d equal to X/8. The line angle H3I..... 

corresponding to this distance is then Fiq . 326 .—Determination of 

a large impedance at high fre- 
fid « a j quencies. 

X 4 

For sinusoidal excitation and such a short distance d there is for the 
reactance of the short piece d the value 

jJ'~ cot | = jZ 0 


1 Prrw. I.R.E., IB, 569, 1927. 
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Hence, by inserting a condenser Cj at n distance d from the free end and 
making its reactance l/j«C f equal to A% » j%«, one finds 


This is done by varying the condenser until for » setting f% resonance is 
again established. 

193. Determination of Impedance and Reactance of a Line and 

Aerials.—To determine the impedance of a line* or an aerial, it is only 
necessary to measure the input current / for a certain input voltage k 
and compute the input impedance from f, - K /. It ram also be done 
by using an impedance bridge, for instance, the balnnraMratutfortncf 
method of B’ig. SO. It consists of connecting the line ncrom terminals 
X, X and a variable reactance X, in aeries with a decade resist auee box 
in series in place of the standard. The ground on the mid*tap of the 
balanced transformer is omitted. Either it variable condenser or a 
variable inductance acts as the standard reactance A'„ depending upon 
the, voltage distribution along the line, The variable reactance X, 
is varied until a minimum deflection is observed on the wto-cummi 
detector and the setting X, - X noted. The variable resistance H, 
is varied until for R, « It final balance is secured. The value X • 

V'/f 4 + is the effective impedanoe and tan 1 lit*' phase angle. For 

antennas, the aerial is connected to the terminal A* next to P, amt the 
other terminal X is grounded. The reactance of a line is the netting 
A* » X. Another method of finding the reactance of the Una is by using 
the circuit of Big. 321), The switch is closed on i and 2 and the circuit 
is tuned for the desired frequency (with r ahorbdrouited) by moans of C. 
I hc^ resonance condition occurs for a maximum mailing on met or 
If Ci denotes the resonance setting of C, its reactance A» - |/(«C») 



is just equal and opposite to that of the coil. The twitch la thrown on 
terminate d and 4 and, for a certain loading R* or the open tine (whichever 
is the desired line condition), the combination is again tuned until for a 
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400 goo 120 0 m 

■Velocity of propagation 


setting C - C 2 the meter Ii gives a maximum response. The reactance 
of the variable condenser is then X 2 - l/(«Ca) and the line reactance is 
computed from Xi — X%. The same method can be applied to any 
aerial system. 

194. Determination of the Velocity of Propagation along an Aerial 
and a Line. —For many aerial systems this velocity is almost equal to 
that of light (c = 3 X 10 10 cm/sec). For long lines and for wave 
antennas of the Beverage type, the 
velocity of propagation v along the line floaty f 
can be appreciably smaller than c. The of h 9 ht \ 
determination may be carried out with 

the method of Fig. 327. A high-fre- ;Fxo ’ 328< 7 - . - -- 

. ii, , . . of waves along a horizontal wave 

quency source IS coupled to a Single turn antenna 240 m in length and 3 m above 

in the wave antenna. The frequency is ground - 

varied for the far end open until a resonance indication is noted on the cur¬ 
rent meter. This corresponds to the fundamental wave length X of the line. 
A further increase in the frequency of the exciter gives another resonance 
deflection which corresponds to the first higher harmonic distribution 
along the wire. The frequency /o, for which the first current maximum 
is noted, corresponds to the wave length in free space which is X 0 = 4 1, 
the second current maximum to a wave length X 0 ' = %l, the next cur¬ 
rent maximum to Xo" = %l. If X, X', X", etc., are the corresponding 
wave lengths due to the actual distributions along the line, cX 0 = v\ = f 0 
for the first current maximum and similar rela¬ 
tions for the higher modes. Therefore the veloc¬ 
ity v of propagation can be found. The same 
can also be done with the far end short-circuited 
to ground. The first maximum current response 
then happens for 21, the next response for l, the 
next for %l, etc. The current readings against 
the wave length in Fig. 327 indicate experimental results. The heavily 
drawn curves give the data due to the measurement, while the dotted reso¬ 
nance peaks arc computed for the wave propagation along the wire occur¬ 
ring with the velocity c of light. For the open-ended aerial, X = 1200 m, X' 
» 390 m, X" *> 192 m against X 0 «■ 4 X 240 == 960 m, X 0 ' = %240 = 320 m, 
Xo" « ^240 *= 192 m. This gives the actual velocities of propagation 
along the lino as v ** cX 0 /X *■> 96 M 200 G m 0.8c, v' — 0.82c, and v" = 
0.87c. For the aerial short-circuited at the far end v = 50 % go c = 0.81c, 
etc. Figure 328 gives the results for the actual velocity of propagation 
in terms of the velocity in empty space. 

196. Determination of the Attenuation and Wave-length Constant 
of a Long Horizontal Aerial and of a Line. —If a long horizontal aerial 
(such as a wave antenna, Fig, 329) is under consideration, the currents 
h and h are pleasured. Since for such a termination no reflections take 


| —krythi- 

Fkj. 329.—Determi¬ 
nation of the attenuation 
along a long lino aerial. 


-if 
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2.303 logi 


place at the load resistance R, one has / 2 = he~ al and the attenuation 
per unit length is 

log, 2.303 logio ^ (14) 

“ j j 

For double lines and for power lines used for high-frequency work, the 
circuit of Fig. 325 can be used. The ratio h/h is obtained from the 
ammeter readings corresponding to point P for which P 2 = VX/C and a 
computed from Eq. (14). Suppose a line l = 50 miles long; for a charac¬ 
teristic loading R = 800 Q, ~ = 2.5. Then a = - g Y' - = = 


800 £2, ^ = 2.5. Then a = 

12 OU 


. I 2 50 50 

0.0183 neper attenuation per mile. If all line constants arfe taken into 
account; that is, Z « r + jo>L = r + jX and Y = g + jcoC = g + js 
for the impedance along and the admittance across unit length of the 
line, there are for the corresponding scalar values Z and Y the relations 


r « Z cos 


Y cos x = Z sin cp, s — 7 sini^, if (p - tan - ” 1 - and^ 


tan"" 1 -* For 0 = 0.57r — 0.5(^ + ^), there are the complete expressions 
Q 

a = -s/F^ sin 6 = 7^ cos °- 5 (^+ J0 ) 

V COS COS ^ l /-J gN 

f - , m ... . - WYCt si. 


for the attenuation and wave-length constants per unit length, if r is in 
ohms, g in mhos, C in farads, L in henries, and / in cycles per second. 

196* Surge-impedance Method for the Determination of Capacitance, 
Inductance, and Resistance of a Long Horizontal Aerial and of a Line.— 
This method depends primarily upon the determination of the attenua¬ 
tion constant a of the aerial or the line (Sec. 195), By means of 
Eq. 3, is found the entire resistance for length l from Ra = 2alZ Q) 
where Z 0 = \YlJS is either computed from (2) or found experimentally 
by means of one of the procedures described in Sec. 192. The velocity 
of propagation is nearly v = l/\/CL for many high-frequency lines. 
Comparing Ca = 1C and La = IL with c = 1 /\/CL and Z 0 = y/LjC 
gives the total inductance and capacitance of the system of length I 
from La ~ ZqI/v and C A — l/(vZ Q ). 

197. Determination of Distributions along Lines and Aerials, Re-, 
marks on Aerial Feeders.—One must distinguish between potential (E) 
and current (I) distributions and at any point of the line. The ratio 
E/I and the phase is a measure of the impedance beyond that point. 

For this reason a line terminated by the characteristic impedance \ZTJG 
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To measure the 


at the far end will have a ratio of E x /I~ everywhere along the line, that 
is, for any point a distance x from the far end. The voltage E x and the 
corresponding current I x are then in phase. Using the simplified elec¬ 
trical length fix = 2irx/\ for the high-frequency line for any distance x 
from the far end which is open, the effective values E x = E m cos fix and 
Ix — Im sin fix and Z x ~ E x /I x = Z a cot fix are found, 
current distribution along the line, a current meter 
must be moved along the line in such a way that 
the presence of the meter does not appreciably 
affect the distributions. It is not practical to cut 
the line at different places in order to insert the 
meter so that the current may be measured at such 
places. The shunt arrangement shown in Fig. 330 
or the inductive system shown in the same figure 
can then be used. For the former, the two pulleys 
take off a voltage drop across a short line 
element a , c, and the reading of the meter 


Insu 



Weight 

tscm H ^Insulator 
line 

r N ~7 a 

-IF 


Fig. 330.—Determina¬ 
tion of current dietribu- 

is proportional to the total current. The tl0n alonKlm0B ' 
other procedure consists of a pick-up branch a, d which by means of 
insulators can be moved along and kept a certain distance from the line. 
In order to adjust the sensitivity, a variable-air condenser C is provided. 
A more accurate test for the distribution is the voltmeter method shown 
in Fig. 331. It is duo to H. 0. Roosenstein 1 and is based upon the fact 
that at a certain distance from the line the potential falls to zero. The 
Faraday screen is at this potential. The condenser Co of about 3 g/ff 

is used as a coupling device toward the 
point of the line where the potential is to 
be measured. Since the space capaci¬ 
tance of the Faraday cage is large com¬ 
pared with C n , the potential of the test 
point is E x =» i/(o>Cg). The setting of C 
is chosen such that }>$ T \ZcZ is larger 
than the frequency of the line current. 
The meter circuit then acts as a condenser between terminals a and b. 





THtrm jpA». 

Fig, 331.—Determination of potential 
distribution. 


Dotomiinationa of lino distributions am also of importance when using cither 
single or double lines to feed half wave-length (Hertz) or similar aerial systems 2 (the 
length of such feeders is then often m long as 300 to 400 m, about 1200 ft, for short¬ 
wave work) and aerials whose distributions are artificially changed in order to produce 
directive and radiation angle effects. Reference is made to Figs. 332 and 333 for the 
single-feed and parallel-wave feed systems. The single-wire feeder of Fig. 332 should 

Hachfreq 36, 121, 1030. 

2 Ev britt, W. L., and J, F, Byrnuj, Proc , LJLE,, 17, 1840, 1929; “The Radio 
Amateurs' Handbook of the American Radio League/' Hartford, 1930; C. J. Hould- 
son, 14, 23, 1930. 
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not radiate. Therefore, it in nmmmay that tire feeder either h*« pmctfcnlly a w uiiftlutd 
resultant field (tuned Lecher wire feeder with small ij«eing) or behave* «|»rkid» 
ieally. The latter condition can he fulfilled when the feeder te umuineted tn it* char- 

aoterietio impedance s/QV, for which loading no »U»ding *«.* mn »*> formed .along 

the feeder, Iti a double* wire feed system 
***h ihm mn be tlowi by tiaift* a wiitplttig 4 
(Fig, MS) between the end of it w fotdtar 
mui the pml which inalebo* tlie radktioii 
imrifttiutee against b» Fig 3S2, ll# 

clotted line* denote the current d*#trilw* 
Umm, When the making i% > I * the fro* 
qmmey of the till# gmmmUw 4* not property 
«dJit«UMl and ibm dtelfitmifan 

Fuu 882,—" feeding Herbs aerials for k than tit* fu*i4nii4<^i'l«i required 

shortwave work with a dngte wire PT {{mdmmnU \ tt f tu mmn minim 

{AB - l te Htrte mirth iB m u% mf h < h %hm Gppmk%m k 

trui| that Is, th© wav© length la below the fundamental* When, m in the iHifd Ni t 
both readings are equal (/, - /,). the generator frequency in mmr% The f«4c r i* 
mad© aperiodic (// distribution constant) by moving P along the mi *I Att ton mlh 
abk point* The tank circuit with the Imp f must b§ umPowhM ; ©tlwrwte it mm 




be the ease of a ouitomary T aerial, for a mate hod Its© aqua** of the permit 

measured in the feeder multiplied by the eflAtivt mmum mkrtmm 14 te the power 
supplied to the aerial. Sin.ee B» denotes the remtetju#** sxperieeiaed At P (taoety 
radiation remstanee), this value must bo ©quid tn I# of Hit f«#d«r* Monets by « enlt* 
able location of P, the distribution along the feeder b» made iinlfofai and, by lb* adjuat* 
meat of the frequency, the aerial d/f is made pure mbstim Tin* tofmtf te tMud 
by measuring the current distribution along TP and wmimg whether it » omsntiafiy 
uniform and the latter by varying / until ft * 1% which exist* lrrt«fj«rtiw of the pod* 
tion of P along AB . An approximate test cm the fulfillment of both reqtdroments te 
that the frequency of the tub* oscillator should not be materially ettanged when tbs 
connection T is taken off, since the properly loaded feed wire TP , as well a* the prop* 
erly tuned aerial AB % m than purely mriatim Figure M$ shows the pir»IW-fbt 
food which may be of either the tuned or aperiodic type, Aoeofriing to Rr|> Cil* ths 

«U| 

chawurteristic roristanee of a Xiedher wire system te Z® • *JTf! logit ^ if o dortoloi the 

spacing between the centers of the wire* and d the diatneter of ih« For 

Zq * 500 ohms, one has a *• 74J d The length uf th« pamllel feed does not msltir , 
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if the coupling length h is so that a resistance equal to Z 0 = \/ L/C is offered. The 
design formulas for Zo = 600 ohms are 


V = 



Ik - pKt 
for the lengths in meters) 

for the lengths in feet 


h = 0.3p 


and/in megacycles per second/ 


since l — X/2 and \( m ) /( M «/«««) = 300. The factors if and depend somewhat 
upon the frequency range. For / < 3 Mc/sec K = 0.96 and between 3 to 28 Mc/sec 
/C » 0.95, above 28 Mc/sec K = 0.94. Below 3 Mc/sec Ki ~ 0.25. Between 3 to 
28 Mc/sec Ki = 0.24 and above 28 Mc/sec Ki « 0.28. Hence, if an aerial is to be 
designed for / = 3 Mc/sec and No. 12,A.w.g. wire with a diameter d « 0.08 in. is used, 
then a = 74.2 X 0.08 *= 5.94 in, gives a characteristic feeder resistance of 6000. From 
(16), l ~ 0.95 X 49 % * 156 ft; l h « 0.24 X 49 % = 39,4 ft; h * 0.3 X 49 K « 
49,2 ft. For the tuned parallel-wire system for which the vertical heights are X/4, 
the spacing a should not be more than about 30 cm (1 ft), so that the fields due to the 
parallel wires practically cancel each other; that is, the 
small space-phase difference gives no appreciable loop 
effects. 

198. Determination of Static Antenna Capaci¬ 
tance and Inductance.—-In comparison with the 
effective antenna constants C & and L ej the static hS ource 
values Ca and La (where for C in farads and L 
in henries, the natural frequency / in cycles per 
second), for a quarter wave-length distribution 
(first mode of oscillation) / « 1/(4V C a La) « 

1/(27rv^CJQ* If C\ is in microfarads and L 0 in 
microhenries, / *» 159,2/kc/sec. The determination of C A and 
La is as follows. In Fig, 334, a single turn at the ground side, which 
also contains a thermoelectric-current indicator, is loosely coupled 
to a tube generator, and with terminals' 1 and 2 short-circuited 
the frequency is varied until for a value / a resonance reading I 
is noted (for fundamental wave-length X/4-distribution). For this 
8 



Fig. '334.—Determina¬ 
tion of antenna inductance 
and capacitance. 


condition C„ 


Ca and L e «* O.SZa for the capacitance in microfarads 


and the inductance in microhenries, and / = 250/ ■s/CaLa kc/sec. For 
a large coil loading at the grounded side, the current in the aerial decreases 
almost linearly toward the open end and the potential remains essentially 
constant. Hence, if a known inductance L n in microhenries is inserted 
and is of a magnitude so that the resonance frequency ft of the loaded 
antenna system is about half the value of f for the unloaded antenna, 


/i 


159.2 


159.2 


VcM 
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Hence/i = 


the formula 



and/ = 



for k — 159.2 which gives 


_ Wi'La _ WLo 
12/ 2 — 7r 4 /i 2 1.215 


(17) 


for the static inductance of the aerial, 
static antenna capacitance 

n _ 62,500 

Ca ~ ~pL7 


From / = 250/-\/ CaLa, the 


/if 


(18) 


is found. In (17) and (18), the frequencies are expressed in kilocycles 
per second. 

Example .—The resonance frequency / is found equal to 438 kc/sec 
for the unloaded aerial. For a coil loading Lo = 448 /ih the resonance 
frequency becomes /i = 245 kc/sec, and by means of (17) and (18) 
it is found that La = 464 /ih and C A = 0.0007 /if. In order to avoid the 
small error due to the small coil coupling to the high-frequency generator, 
tjiis coil is dispensed with and the high-frequency generator loosely 
coupled to a coil L 0 = Li henries, which is inserted as above between 
terminals 1 and 2. The resonance frequency is /, and given by fi ■» 
/c 

Next, another loading coil Lo « is inserted, giving 


<\Jca — + Li j 

the resonance frequency / 2 


yjcA 


La 


+ L 


■n 


where in each case large 


coil loading (linear current decrease) is presupposed, 
constants are then computed from 


The static antenna 



L*W 

A 2 


Ca 


a 2 



Li + 



(19) 


where k 159.2, the capacitance is in microfarads, the inductances in 
microhenries, and the frequencies in kilocycles per second. 

The static antenna constants can also be determined by means of an 
impedance bridge, using an audio-frequency current. The capacitance 
ound with this bridge is then equal to C A and the inductance found at 
audio frequencies must be multiplied by 3 in order to give the static 
va ue La of the aerial. The resistance measured at audio frequencies 

is also to be multiplied by the factor 3 in order to give the static antenna 
resistance r A . 
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A graphical method can also be used to find the static (true) antenna 
constants. The method is based upon the reactance Xa of an aerial 
if considered in effect as a long horizontal line given by the expression 

Xt = cot (coVCAA) 

Hence natural oscillations exist for all values of Xa which make 


cot (WC a L a ) = 0. 


If a coil loading X n = is inserted at the grounded side, the total 
reactance Xq + Xa musttecome zero for any natural antenna oscillation. 
The theory and several applications for the determination of Ca and L A 
are then as follows: 


The method applies to long wire aerials of length l as indicated in Fig, 335. For 
the coil (Z/o) loaded line, the effective reactance of line and loading is X/ « jcoLa 


4 


co tan 0 


~~ O0 ^ an ^ | where 0 — denotes the simplified electrical 


length cd's/CTL of the line of length l, and C and L the line constants per unit length, 
and Ca ~ 10) La * IL, Since when tuning the reactance X / must vanish’, QLq/La 
cotan a Therefore it is only necessary to draw the cotangent curves (cotan -0) with 
y as the ordinate and 0 as abscissa and locate the intersections p 9 q t r, etc,, with the 



Fio, 335.—Graphical determination of lino inductance and capacitance. 


ascending lino y m ULo/La where La and La are fixed and the direction of the line is 
given by 0 « tan " 1 (La/L a)* Since Hi} 0 3 , etc., denote the states for successive 
modes of line resonance without loading at the grounded side and SV, &a', 0«', etc., for 
Ltrloading for the fundamental and all higher modes, the ratio of known load induc¬ 
tance to desired static line inductance is La/L a «• (cotan iV)/$V « (coban tt%)/ 
ill « (cotan u/)/u 8 ' * tan 0, The antenna inductance for resonance for the funda¬ 
mental line oscillation is computed from La «* Lott i' tan OF. The scale of the 
abscissa is given by the cotangent curves, for instance, by ir as marked in the figure. 
The capacitance Ca is found from Eq. (20). The frequency in cycles per second for the 
fundamental can also be computed from ih r /(2r'\/C aLa) with 0 a in farads and La 
in henries, although it is more conveniently found by direct measurement. For con* 
denser (Co) loading, which is also illustrated in Fig, 335, the total reactance is X 0 ( 

(JuT'o) “ Wft coten 0 “ + cofcan! ^' Hence, for resonance, the 

value of xj* must vanish again and tan 0 -» — QCo/Ca* Tangent curves, y « 
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tan O, &re than drawn ami the intersection paint# p m& f» ©te., found with the «tiatfag 
line y ** ~ ttCg/C* with m angle # • tan l< (fVf**). It the mnAmmfAmdmt Um 
m tuned to the fundamental mods, the statin hue espaeitsnee in rc*«ttptil<*l imm €4 m 
Cotti" eotan fli" If series soil (f#«) arid eendenser (CVI knitling m usmt i« tnne the 

line, the total mettnoe is X$ m « j| ml** - wtfan 111 - j * j | wl1 ~ 

- no ten o|. For resonance X/” « Cl and eotan li «■ * titans~ 

^* nc ®* m * n l'% 335 t draw the eotangent etirviw jr «► eolan It and fisul ths 

intersection points p, g § r, eku* with the hyperhnia # ** II tan § wtth the 

iHyda and the inelincxi lino y «* U tan 9 m asymptotes,' 

The equations utilised in the graphical method mn abet to uaed for 
an analytical method. 1 2 The formulas then are 

l/M „ L 0 W>^‘' tun 0BoJ: C.\,w - (20) 

where / denotes the resonance frequency in kilocycle* per second of the 
unloaded aerial and ft the resonance frequency for n will heading of /,*. 

Examplts ,—For no loading / « 438 ko/aeo. For a loading h, * 34ft «b, the 
rasonaaeo frequency in /, « 366 ke/«*w. Ttiwt */,/(20 « 0>«8», tqf,// • iftJd**, 

and La *> 468 ghj C 4 «* 0.0007 #rf. 

Another method for finding C 4 and l A in described in the next section 
in connection with a method which also given the value* of C» and L*. 

199. Determination ol Effective Antenna Capacitance, inductance, 
and Resistance.-—If the circuit of Fig. 242 i* used, the differential system 
is at first excited with sinusoidal oecillations taken from a tube generator 
and then With quenched spark-gap oscillations and the system is hniaurod 
in each case. For tdnumdtd excitation the current / in the main branch 
depends, in the case of resonance only, upon the effective rarietetiee 
lit of the entire system. But for damped oscillations the resonance 
current I depends upon the decrement «* of lb<* oedllator and the effective 
decrement 5 a of the differential system and 

* hot I A Si 

SSSyjiitH + 41 *| 

Hence 1 depends upon B%, L t , G% (of secondary for quonehed-apark 
oscillations), the group frequency N of the damped oeeMlalion and the 
maximum value Ea of the induced oscillations. The procedure is then 
as follows: 

1. The balanoe for the sinusoidal excitation gives the mating* C„ /„ gad U, »ff, 
where lu denotes the total effective antenna resistance. 

2. The differential system is excited with quenched spark-gap mwitfaUmtM at the 
Name frequency aa before and the ratio £?,/L« is r hanged until tislanre again nWa 
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The settings C/ = C e and L/ » L e are then the effective antenna capacitance and 
inductance. 

Figure 336 is based upon the same principle. 


1. A small coupling coil L is used and, with 1 connected on 2, the frequency of a 
tube generator varied until resonance is indicated by meter I. 

2. Terminal 2 is connected on 3 and 4 on 5, and C a and L & are . 


varied until a resonance indication is noted. 


3. The setting of R * is varied until for a value R a ~ R 0 the same 
resonance current I as in the aerial flows in the circuit. 

4. A quenched spark-gap source is used as the source and the 
resonance current 1 1 noted with the aerial in the circuit. 

5. The artificial circuit is connected (2 on 3 and 4 on 5) in the 
measuring system and C # and L„ are varied until for settings C K « 
Cl and L h == L» the same resonance current h is obtained. This 
is done by leaving the R» « R e setting as before and 
increasing while decreasing h 8 or vice verm, since C e L e must be 
equal to (7*1/* and CJL/ =» ILL* * CJ Je , The settings C/, L/, and 

R e are then the effective antenna constants. 



The equivalent 
aerial method. 


The total effective antenna resistance can also be found by the 
resistance-variation method as in Fig. 337. For 1 and 2 short-circuited, 
the resonance current J is noted. A standard resistance R, is then con¬ 
nected across 1 and 2 and the reduced resonance current h read off, 
and the effective antenna resistance computed from R e = IiR,/{I — I{). 



Fiu. 337. 1>e tormina- Ft q, 338.—D ©termina¬ 
tion of effective antenna tion of the effective resist- 

realstanee. anoo of a frame aerial. 

If a standard resistance is varied until, for a value R, « R% t h = 1/2, 
then Ri = R„. For very accurate work, the resistance of the meter must 
be taken into account. The effect of the meter resistance can be made 
small by coupling a thermogalvanometer loosely to the antenna. In the 
same manner the effective resistance of a loop aerial is found. The frame 
is then tuned as in Fig. 338 by means of C. The true as well as 
the effective antenna 1 constants can also be computed from readings 
of the unloaded and coil-loaded antenna by means of 
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where L A and L B are in microhenries and C A in microfarads, if Lo denotes 
the loading coil inserted at the ground side, / the resonance frequency in 
kilocycles per second for the unloaded, and /, the resonance frequency 
for the L 0 loaded aerial. The distribution factors are computed from 


sin 4 


Ax = 2A5j 


i>j 


r-T - 7r ~ n y = 2.45 fp Bx - 0.159^ 

+ sin — ~]l 80 j> A Vh 


A s = 0.636^ sin 
h 


f -90 


ft - 0.636 


1 — COB 


am 


/« 


./ 

90 


90 


( 22 ) 


The effective antenna constants for the coil loading Lo are C, « A%Ca 
.and ft = BxL A which differ from the values if no loading exists. 

Example .—The resonance frequency for an unloaded aerial was measured as / » 
438 kc/sec. For loading Lo = 246 juh, the resonance frequency was 296 kc/sec, giving 
Ax = 0.967, Bx = 0.393;, A t = 0.826, and ft = 0.66. Hence, 


T _ 0.967 - 0.820 

A 0.826 X 0.66 - 0(967 X 0.393 " 1 Mh; 

C A - 0.00079 /if; C. - 0.967 X 0.00079 - 0.000764 M f; ft - 0.308 X 413 ~ 102.6 
fAi. If these results are inserted, in the formula fx «■ 169.2/V , CdE + Xi) A® 
value of fx differs by only about 3.36 per cent from the measured value 296 kc/sec. 

200. Determination of Radiation Resistance.—The effective aerial 
resistance ft, determined by the methods just described, consists of a use¬ 
ful component which is the radiation resistance ft of a component which, 
accounts for the losses due to the effective resistance of the aerial wire 
itself, including the increase of resistance due to eddy currents in ground 
and surrounding objects. There is also a component which accounts 
for the dielectric losses in the surrounding medium. At the end of 
Sec. 134 a method is indicated whereby the different components can 
be separated if the total resistance ft is determined experimentally for 
three different frequencies. Therefore it is possible to find ft by such 
a method. 

The radiation resistance ft depends upon the energy flux IF — -} [pj/l of the 

4tT ' 

radiated power and, according to Poynting, this flux is perpendicular to the electric 
vector 8 and magnetic-field vector II . If c denotes the velocity of propagation, and 
the dielectric constant for air, as well as the magnetic permeability, has the conventional 
value of unity and 8* » oII v if it is assumed that the direction of propagation of the 
energy is along the a;-axis. Therefore it is possible to compute the resistance from W ■ * 


^8 2 if the electric-field vector 8 is measured by means of the voltage* induced m a 

receiving antenna. It can be shown that for a dipole of length l f the radiation entrggr 
taken over a sphere of radius p is 
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Wr 


2 l 2\ d ±Y 

3 c Idt] 


and depends only upon the change of current and length l of the dipole. Hence, if a 
current i = I™ sin cot oscillates to and fro along the dipole 

w 2 <oH\ _ 2 , 

W r — o -/w 2 COS 2 cot 

tj C 


showing that the radiated energy is also proportional to the square of the frequency 
co/(2tt). The energy radiated from the aerial is equivalent to an increase of aerial 
resistance and, since for an effective current value I the ratio W r /P denotes a resist¬ 
ance, the radiation resistance Ii r = | —■ « abohms. For c = 3 X 10 10 

cm/sec and 1 abohm - 1Q~ 9 ohm, we find for the dipole R r » 807r 2 P/X] a ohms. The 
above energy relation holds for the entire sphere about the dipole, and for half of the 
sphere above ground 40 tt 2 [Z/X] 2 denotes the radiation resistance. If the ground is con¬ 
sidered a fairly good conductor, a vertical dipole of length l can be imagined just as 
much in the ground as above it and, if h is the vertical height of the conductor above 
ground, the length l of the imaginary dipole is 2 h and R r «* 160tt 2 [^/XP ohms, since 
only the radiation above ground (hemisphere) is of interest. This formula holds only 
for the dipole which has a uniform current distribution. If, instead of the effective 
height he of an aerial is used where h e « ph, one has R r * 160 tt 2 [/ 4 /X] 2 ohms. But 
X/ « 3 X 10 5 km /sec, where X is in meters and /in kilocycles per second, and 



if R r is in ohms, h« in meters, and / m kilocycles per second. For a grounded vertical 
wire excited (without any loading coil) in the quarter wave-length distribution p « 
2/r; that is, K 838 0.630 times the actual length of the aerial wire, and 


Rr 


f2 Xl a 


IBOtt 2 



40 ohms 


If the same wire uses a heavy coil loading for which the current distribution toward 
the upper end decreases linearly, then p » 0,5, For large horizontal portions of a T 
aerial p L For complicated aerials, the dipole effect must be extended over the 
entire aerial, and the radiation effect is found by integration which takes into account 
the radiations in all directions as wall as the retardation time. If this is done for the 
vertical grounded wire excited in the quarter wave-length distribution, R r m 86.0 ohms 
instead of 40 ohms as computed above in Eq, (23), Since the formulas of Eq. (23) 
are based on fairly good ground the respective numerical constants hold only if 
this is the case. 


From the discussion given above, it is evident that the radiation 
resistance can be determined if the effective height of an aerial is known. 
This height can he determined by one of the procedures described in 
Sec. 201, The radiation resistance can also be determined by means 
of the radiated energy (energy flux). For such measurements the 
radiated energy is received by another aerial. It is then of importance 
that neither indirect electromagnetic waves (reflected from the ionised 
layer) nor the proximity antenna effect (field components of the sender 
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aerials which exist only clow to the sender) exist in the region of the 
receiver. Therefore the measurement is carried im about 8 to lit wave 
lengths away from the sender. With the method In Fig 339 (due to 
.1. Erakine Murray, "Handbook of Wiretae Telcwaphy," f*ro#by 

Lockwood and Ban, 1/imfon), Use 
effective reatoi&nce IL - h\ of tl»c 
* sender is nt first determined by one 
of the procedures deaerdmd in Bee. 
199. The effect! v» retain*nw current* 
/, and h of the winder and receiver 
aerial are measured The aerial of 
Fro. sso.—Determination of ratJMioa the render is then lowered to about 

one-tenth of Its normal height and 
is tuned to the game frequency at before in such a way that the power 
input {IiYRi » I\ r Ri to the name an Wore If H% denote* the 
new effective aerial resistance of the mender and 1 1 ' tho current. 
The corresponding received current to /*'. The radiation riwtot- 
ance 1 b then computed from R r * /i*#i(f»* — /\V |/tW' - /1’7i*J, 



The efficiency of the sender aerial to then e 1 
Another method is baaed on the expression 

y 0.0111#«* v 

W r * <f >w»4ta 


■ WOKf/Ht. 


m) 


for the radiation energy if 8 denote* the effective electric iulciwity In 
millivolts per meter and // the effective magnetic-field Intensity in 
gausses at distance d km away from the sender of an aerial of effective 
height K. The values fi and B hold for the equatorial plane. It to an 
easy matter to derive the above expressions, For the magnetic vector 
it is as follows: The magnetic field a sufficient diataaee d cm from the 

sender aerial is H •> • gausses if / to the effective current in unfww 

measured at the current loop of the gender aerial and dtotanee 4 to not 
so far as to show appreciable attenuation. The wave length \ and 
h, are In centimeters. For the hemisphere of radlua 4«,» there to IF. • 

|// a d a erp/eec where c»3X I0 ,# cm/issc, 1 erg/we ** 10 * watt, 

and d im) » 10 l 'd ik , u) confirms the above formula. Knowing the 
distance d in kilometers and having determined either H In pttwni or 
S in millivolts per meter the power IF, in watt# can he computed from 
Eq. (24) and the radiation resistance from R, • W.,/I* if t denotes the 
effective aerial current measured at the ground able (current loop) 

201. Determination of the Effective Height of Aerial* and Its Rela¬ 
tion to Radiated Power. The concept of tffeetive height h, of an aerial 
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has the advantage that the radiation effect of aerials of different design 
can be compared at a certain distance. This is important for measure¬ 
ments, since commercial aerials for practical reasons cannot be standard¬ 
ized as to shape and current distribution. Some aerials carry almost 
uniform current all along the vertical portion, such as is the case for 
aerials with pronounced flat tops (wide T aerials) and Hertz aerials with 
aperiodic feeders (Fig. 332), while many others have a nonuniform 
distribution along the lead-out wire and the aerial extensions at the top. 
The fields of the different portions are affected by time retardations and 
may interfere so that the resultant effect at a distant place in space may 
differ greatly. As a matter of fact, even with comparatively simple 
senders it may not be the same even in the equatorial plane around a 
circle with the sender at the center when directive effects present them¬ 
selves. Therefore, if radiation effects are determined at a certain place, 
it can be characteristic only for that place, since for a high-angle sender 
it may be much stronger when observed in an aeroplane and also stronger 
in the opposite direction to which, for instance, the upper horizontal 
lead points for an inverted L aerial. The effective height is defined by 

the relation Ih„ = J hdx if 1 denotes the effective current measured 

at the current loop, l the length of the aerial, and I x the effective current 


at any distance x from the ground. Hence, h. 


The 


integration must be taken over the entire portion and the retardation 
time must also be taken into account. The product I h e also known as 
the “meter-ampere,” if the effective height 1b expressed in meters and 
the current in amperes, is a measure for the radiated power, since it is a 
characteristic term in the field-intensity formula for a receiving system 
of sufficient distance from the sender aerial. However, this must not 
be so far that indirect electromagnetic waves are received from the 
ionized layer (at times when refracted waves are possible) and not so 
far that the arriving wave has suffered appreciable space attenuation. 
Five to ten wave lengths away is a good distance for such measurements. 
The field strength at a certain distance d km from the sender is 


8 »* 



n volts/m 


(25) 


if / is in kilocycles per second, X in meters, the effective height h„ of the 
sender aerial in meters, and the effective current I of the sender in amperes 
and measured at the current loop. It can be seen that the product hj 
for a fixed distance d and frequency / is a measure for the electric-field 
intensity £ as well as for the wave energy, since, according to (24), it is 
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proportional to the square of 8. If the distance d m expressed in the 
same unit m the wave length X, that is, in meters, the effective height 
A, *■ A, of a sender aerial, according to Eq. (25), can be computed from 

265 X 10 *^8 

imp' 

The determination of the effective height depend* then upon the men* 
urement of 8 in microvolt* per motor and to carried on the distance 4 
to the receiving aerial in meters (choose d about 5X m) the wilder current 
/ in amperes, and the frequency / in kilocycle* per second or the com* 
spending wave length X in meters. 

The simplest way of determining the effective height h» is by means of 
a loop aerial, since the effective height A, of such an aerial is 

h r - 209 X l D M A/ 

if N is the number of turns, A the area of the loop in equate meters 
(A » a X A if a is the width and A the height of the winding frame), 
where it is assumed that the width of the loop aerial along the direction 
of wave propagation is smaller than about one-sixth «f the wav® length 
X in space. If this is not true, Eq. (10) must be used. Hence, if the 
frequency / is again in kilocycles per second and the corresponding wave 
length X in empty space in motors, for the effective height A. » A, of the 
receiving loop, 



If the loop does not exactly point toward the sender and tin* vertical 
plane of the frame makes an angle 0 with the vertical plane through 
sender and receiver stations, the effective height is only A, eoa $. If the 
receiving loop is tuned, its effective resistance ft"*"*' only ineffective and 
the resonance current l r in «njx>m* produces the resonance voltage 
E ■» I rlt - ArElO” 4 volt. Eliminating fi, in microvolts per meter, from 

this expression and Eq. (2.1), one has the identity 1 

M ft* 

giving the effective height of the sender aerial 

A, - 796 X (28) 

whem h n and hr are in mature, J> and / f in ampnrfw, d in kilotnolinr** H in 
ohms, and / in kUoqyotai twr aeecmdL Tlumhm f hr determlmtlon of k 
consists of noting the current /# at f ho current loop of tint sender norinh 
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1 lie 4 resonance current / r of the loop receiver, measuring the sender fre- 
cftitmcy /, ! lie dint mice d to the loop, and of computing the value of h r 
according to 127), When the received currents are very small, it is 
letter to one the method described in connection with Eq. (26) and 
measure ihr field intensity 8 by means of an artificial voltage comparator 
(page 111% usime for convenience a receiving loop. This also must 
1«* done when the frequency is of such a magnitude that the effective- 
height formula of (27) no longer holds (is based on fairly good conducting 
ground and tin* image effect). Another method determines the effective 
bright of aerials by menus of the three-antenna method due to C. Pession. 1 
If may also called tin* M triangle method.” It utilizes the field relation 
iif Kij, (25) together with the resonance voltage fali 2 = faS X 10~ 6 
volts in n receiving; antenna of effective height fa if 8 is the field strength 
accord inn: to (25) in microvolts per meter. /2 denotes the resonance 
current measured at the base and the effective resistance of the receiv¬ 
ing antenna. Eliminating 8 again, 

h\ h t - K d ^MI % (29) 

Jill 

where A, ami A, an* in meters, / t and /* in amperes, dn in kilometers, 
ft, i» ohms, and /, in kilocycles per second, UK- 796 X 10 3 and dn 
deniHet* the distance between the sender aerial of effective height hi 
mill tin* receiver aerial of effective height As, and /1 the effective current 
measured at the current loop of the sender aerial. Therefore if a third 
mitrntu, n distance rf„ to aerial of effective height h% is also used and h 
is mm' the sender current and I, the received resonance current, then 

hih* « K d ~^& (30) 

h l ~ 


mid, for aerial acting as sender and aerial 1 as tuned receiver, 


A*Ai - K 


.rfaifti /1 


(31) 


/» h 

V’rmti the various measurements, numerical values for hi As, A a A,, and 
A, A, arc found and then it is possible to find hi, h % , and A 3 . 

Kmmplr for Ilic fimt roi'iwurcmcnt dn » 0.97 km, h - 18 amp, Ii - 95 X 
tn 1 .no,, It, - 12 7Sohm»,/i » 518,7 fec/scr; hence h,h% « 3800 rn\ in - 5.28 km, 
I, - tun mill /, - M X 10 1 amp, ft, - 12.9 ohms,/, - 95.2 kc/sec; lmnisc A ,A, - 
- 5 17 km. /. - 13 «"-! /. - 24.5 X 10-» amp; hence *• A ‘“ “ TO 
('!,> « ff. , !iv« lii'utlttM iif the three station* are then hi « 130 m, hi - 37.9 , « 

I's III 

• ftwim ftrr, 2, 228, 1921. 



CHAPTER XVI 

DETERMINATIONS ON WAVE PROPAGATION 

Great advances in propagation phenomena have been made in recent 
years. Skip distances and other extraordinary fleld-iti tenuity occurrences 
are better understood, ainoe several investigator* have made extensive 
studies of the ionised layer. Electromagnetic wave* at it certain receiver 
can be elliptloally polarised and the polarisation at time* undergocc 
changes. The Hertzian rod aerial has been brought to the foreground 
once more for the study of components of the resultant arriving electro¬ 
magnetic wave, and tilting coils are used for similar work. 

202. Notes on the Electric” and Magnetic-field Inteatity of an Elec¬ 
tromagnetic Wave in Space. -Several investigator** have described 
methods for the determination of fiehl intensities, As far m ordinary 
day measurements are concerned (for which indirect raya do not play 
a part), either receiving antennas or rewiving loop can la* itmf, and it 
does not matter whether the field energy «f the arriving wave in expremd 
in terms of the magnetic- or in terms of the electric-field Intensity (Eq. 
(24), Hoc. 200), since 8 volte/cm • 300 // gUberts/em. The equality 
of fi and ll with S volta/cm » 3(H) gaunsea in correct with ground waves 
(direct waves). But this is generally n*4 true when fi, and //» value* 
measured with a vertical antenna and a vertical loop pointing toward 
the sender if the effects of an indirect sky wave are studied The electric* 
field intensity of tho direct wave a distance 4 km from the render antenna 
is 

« - cd 

if h, is the effective height of the sender aerial in meters, /* the effective 
sender current measured at the current loop in ampere*, / the frequency 
in kilocycles per second for which the sender in tuned, f. ta in microvolt* 
pr meter and d is in kilometers. The factor k s denote# the absorption 

1 Austin, L. W. t Bur. of i 'ihmUtnk, M. Papm \W, toll; Pme. LH.S . ft. », 
1017; H. IUhkhauhkn, Jahrh. d, druML, 8, *281, till; P, Bmum. Jtthtb. d 4ntM,, 
8, 132, 212, 1914; R. von TiuBBtnmiMta, Juhrb. 4. dmhll,, 14, Mi. 1010; O. Valuumi, 
Electrician, 86,240,1021; II. J. Round anti F. C. Lunnon, J. twi. She. Km g. 

69, 865, 1021; M. GtnattRB, Radio Rm>,, 8, 821, 1021; J. Homanowontn. J fust. 
Elec. Eng. (London), 01, 801, 1923; O. R. Rnolond, Pnm. t.S.B., 11, S». 1933: It. 
Bown, C. Engujnib, and H. T. Fan*, Pnm. 11, 183, Iffi; M. fUauuuw, 

E.N.T., 1, 60, 1924; L. W. Austin and 1. B. JutwoN, Pnm. IRK, mi. 1934; 11. 
Andsiw, E.N.T., 8, 401, 1028; Standardi$afmn Hrp , I R E , 114, 1039; 1. MsMUTT 
and W. E. Bostwiok, Proc. Ned, Aeml. 8ei„ 14, 8M, Iffi. 
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factor. I«»r <lnv irsiwmwii.ii Sitt« factor w of the f„ rm t it w'hore, for 
iibiihwh'i l'ir h»tig wave* »i* iwwl ii» i hr Aunt in t niMiiwitm RxpBritnontai 



In runny »•«*©* for n«*i»nmurut» **U»w* to the sender the factor, k A can be 
put crjunl «•» unity i’<*r n timed loop aerial of ,Y turns a width a and a 
height ft of tin* frame, thw to for the rcHotutnct* current /, in micro- 
ampere* and the effrettve nsiatnoro H of the* receiver loop 

1 k 

f. - » -IT.W 

if * latri x in »/* 

where f- to in microvolt* tier meter, t. in uncroninjHwcH, R in ohms, / in 
kilocycles per second. a smd k tn meters, and If in gilberts per centimeter. 
If u tuned aerial of effective height h,, effective resistntien It, and resonance 
current l- mwuiunwl at the bane (rurmil hsip) is used as a receiver 


when 1 ’ K is in mtarovtdt* per meter, f. in microamperes, R in ohms, and 
h, in meter*. Now, if it to assumed that the elwirie-fMd vector B of the 
arriving skwtrottiagnetie wave is vertically pdnriaed, a vertical wire 
aerial will be affected by the entire field intensity. The same is true for 
a receiving loop whose plane Is vertical and points toward the sender 
aerial. However, if the elwrtrte vector ft bus » forward tilt, the vertical 
wire serial only will be affected by the vertical component at this field 
vector, while the hw»p serial pointing toward the sender picks up the 
vertical component of t. with Us vertical sides, and the horigonial com¬ 
ponent* of r. with Us horlsontid sides, which means that It receives the 
resultant field intensity. Therefore a linear aerial (Hertaian rod) can 
to wed to find tie* wave till, «inw» maximum voltage will he induced in 
it if it to along the field vector awl theoretically no voltage if it Is per¬ 
pendicular l»* ?• The hitter give* a sharper indication and is therefore 
commonly used The loop receiver has, according to Kip (27) of Bee. 
201, the same receiving set fern in ail direction* along the plane of the 
fntme, slow it* effective height to 200 X ID MA'/ and (hr* area /I of 
loop may to » rtrrh*. a *<jm»re, or a rectangle, This is practically true 
it the lower ride «4 the |t«»p i# not too rbmw to ground. But the loop 
receiver ha* theoretically no receiving art hut to waves arriving per* 
pendicutar to it* plane Hence, if • loop to with its plane perpendicular 
to ground awl, instead »4 pointing toward the sender, is also perpendicu¬ 
lar to ssndrr-ieeriver direction, n*» direct ground wave ©an be picked up, 
and so It give* a mean* f«*r separating the effect* «f ground and indirect 
sky wave A* kmc a* the refracted dnwmKimtag sky wave which arriv** 
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at the loop receiver has an electrio-ficki component which in horizontally 
polarized, the loop in the mentioned position will be affect***! hy the 
downcoming wave. The resultant magnetic vector ha* then a com¬ 
ponent directed toward the sender. 

Unless the received current is of sufficient strength to In* rend directly 
on a meter of the receiver aerial, a comparator circuit to used to produce 
artificially the same effect in the receiver aerial it* the arriving wave 
produces. The artificial voltage is then Introduced either by a standard 
resistance or by a known mutual inductance. 

203. Determination of the Absorption Factor of Direct Electromag¬ 
netic Waves.— If the transmitter aerial sends out powerful wave# and the 
receiver station is not too far away, a good receiving antenna can be 
used. Its effective height h n aa well aa h, of the sender antenna, Is first 
determined by means of a eoll receiver which is about 8 wave lengths 
away. A sensitive microammeter is connected nt the hasp of (he receiver 
antenna and the effective antenna resistance li found {See. 109), The 
meter resistance to also taken Into account. The receiving antenna to 
then tuned to the incoming wave, giving the resonance current I, in 
microamperes. The electrio-fteld strength to computed according to ft) 
by moans of 8 * l r Rfh r . Since the distance rf between the sender and 
receiver stations to known and the frequency / can Is* measured, with % 
knowledge of flic sender current in amperes, according to Cl) liie absorp¬ 
tion factor to found from 


*4 


r, d 

\7MKJ7S 


tJ.TWi 


t, H tl 

TXKS 


m 


where 8 to In microvolts per meter, /, In micntamperai, H in ohms, d in 
kilometers, /, in amperes, h„ and h, in meters, and / in kilocycles per 
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second. For stations which are far away so that the received current 
cannot be read off directly, the method of Fig. 340 can be used. It to 
then unnecessary that the arriving electromagnetic wave tie modulated, 
since a local heterodyne to employed to produce a suitable beat note 
(about 1000 cycles /hoc) in the telephone receiver. For ixitwihtl trans¬ 
oceanic long-wave stations, about three stages »f highdroquency amplifl* 
oation using resistance capacitance coupling are used. The method 
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consists of tuning-in the arriving electromagnetic wave and varying the 
frequency of the local generator until a beat note is heard if the telephone 
receiver T iB connected across the output 5 and 6. A tube voltmeter 
with terminals 1 and 2 is then connected across 5 and 6 instead of T 
and the sensitivity changed until a suitable deflection d is noted. This 
measurement must be carried on with a small standard resistance R„ 
(about 1 ohm) across AG or the coil L of an air transformer M. If the 
former is the case, a suitable current I of the same frequency as that of the 
electromagnetic wave is sent through R s after the transmitter stops 
sending, and 1 is varied until the tube voltmeter gives the same deflection 
d as before. Since E - 1R, can be computed from the known current I 
and resistance R„ the received current J r is found from E/R if R denotes 
the effective resistance of the receiving aerial with R, in the circuit. 
The small current / is conveniently produced by means of an attenuation 
box (Fig. 53) and such that JL = 1 ohm is in series with 599 ohms, 
and the series combination forms the characteristic load resistance of 
600 ohms for which the attenuation box has been designed. If the 
small coupling coil is used during the actual test, R denotes the effective 
aerial resistance with these few turns at the ground side. After the 
transmitter stops sending, the known mutual inductance M is varied 
until the tube voltmeter again gives the deflection d. The voltage E 
is computed from 2vfIM. If / is in kilocycles per second, I in milli- 
amperes, and M in microhenries, the applied voltage E is in micro¬ 
volts and for It ohms effective antenna resistance E/R gives the desired 
received current in microamperes. 


A trcw#oceatii<! hlgh-power station gave at the Bureau of Standards a 
received current h - 8.38 jm. The sender current was /. » 380 amp. The fre¬ 
quency of the currier wave was 238 kc/sec. The effective height of the sender antenna 
wmhl • 180 m anil that of the receiver at Washington, D. O., hr - 15 m, with an 
effective resistance « - 88 ohms. The received electric-field strength was then 
8 ■ 818 X 88/18 ** 30.84 jivolta/tn, Since the transoceanic sender station was 
at a distance 4 «» 8880 km, according to (4) the absorption factor became lu = 
30.84 X 0080/(1. 2M X 180 X 880 X 23,8) - 0.1185. 


The et/Kfd-defleet inn method, and a recei ving antenna as described 
above, has the disadvantage that the sender and receiver stations have 
to experiment- together, since the comparator measurement cannot be 
taken unless t he t rnnsmit ter stops sending. For this reason L. W. Austin 
used the telephone receiver T in order to measure 8 as well as k A , while 
the transmitter keeps sending. The method is then about 30i pei cen 
accurate. dopcndinR very much upon the experimenter. The Morse 
code which arrives is noted by means of the telephone receiver and the 
frequency of the local generator is varied until the artificial voltage E 
which is sujierimpnml gives the same pitch as the arriving signals. 


eit* 
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With a key the voltage E is also impressed by means of a code and such 
that the artificial code signals occur as much as possible between the 
signals of the arriving wave. The voltage E is.then varied until the same 
loudness is heard for the actual and artificial code signals. 
When using a loop receiver as in Fig. 341, a much more ac¬ 
curate method is obtained and the sender station need not 
stop sending. The loop points toward the sender for the 
first reading of the tube voltmeter for which the actual wave 
is picked up. When the artificial voltage E is impressed 
across the standard resistance R s (about 1 ohm), located at 
the middle of the loop, the same is turned at right angles to 
the direction of the arriving waves. The formula is exactly 
the same as above except that h r is computed directly from 
Eq. (27) of Sec. 201. 

204. Determination of the Electric-field Intensity. 

The methods just described can also be used to find the 
electric-field intensity 8 of a wave. If radiation measurements close to a 
sender are to be made and sometimes in the broadcast range, the absorp¬ 
tion factor Jca, in many cases, can be assumed equal to unity if the meas¬ 
urements are carried on only within a distance range of d = 2 to 5 wave 
lengths. A suitable loop aerial can then be used. It is tuned by means of 
variable-air condenser at the center of the loop to the particular carrier fre¬ 
quency / and a sensitive thermogalvanometer employed to note the received 
resonance current I. The effective coil resistance R, including that of a 
low-resistance heater of the thermogalvanometer, 
found by the resistance-variation method 


Flu. 341.— 
C all brat ion 
by means of a 
frame aerial 
and a known 
t e r m in al 
v o 11 a g q E 
a cross a 
standard re¬ 
sistor R„. 


IS 


where 


- by pOM ComJtnstr 


, 1 a 

f—*-ri 

yc J a 

l? 1 

s = T 

' V v 



he, 



D 


he « 209 X UY^ANf, Fig. 342.— Determina¬ 

tion of field intensity with a 
tube voltmeter. 

where 8 is in microvolts per meter, / in micro¬ 
amperes, R in ohms, and K in meters. If the area of the loop is A = I m¬ 
am! N = 6 turns are used and the measurements are carried on with a sender 
rated at IQOkc/sec, then h c = 209 X 10~ 7 X 6 X 10 3 = 0.1255 m. The 
total loop resistance is then in the neighborhood of 20 ohms, and the clectrio- 
ficldmtensity 8^ voliH/m) — 159.5 Figure 342 shows an arrange 

merit where the field intensity is determined with a tube voltmeter. The 
voltmeter is calibrated for the particular frequency range and if the range 
is too wide, for the particular frequency to which the aerial is tuned 
(by means of the C setting). The calibration is carried out with the 
loop and detector-type voltmeter connected under the actual conditions. 
The calibration is carried on either by means of a known mutual induc¬ 
tance M or with a standard resistance R a inserted across point 1 and 2 . 
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is 


OOtS/jf 


The field oscillator is indicated in Fig. 343 where L denotes the primary 
coil and the loop acts as the secondary. The mutual inductance 
either computed or measured for a certain 
relative position of the loop with respect 
to coil L. The latter can be done as 
follows: The tube circuit is disconnected 
and a microammeter inserted in the tuned 
loop circuit. If h denotes the resonance 
current, it must be equal to the voltage 
2ir/M7i induced divided by the effective resistance ft 2 (including the meter 
resistance) from which relation 

I2H2 



Fig. 343.—Field oscillator. 


M 


6.28 fh 


The mutual inductance M is in microhenries if 1% is expressed in micro¬ 
amperes, lit in ohms, h in milliamperes, and / in kilocycles per second. 
The tube branch is connected back to the frame and the primary coil 
left in position, but the oscillator does not operate, The slider S is 
moved to such a position that the microammeter gives an arbitrary zero 
setting (say 5 /ia on a 200-jua meter). The tube oscillations are set up 
and the current 1 1 is varied until a suitable deflection d — di is noted on the 
microammeter for the tuned loop. The voltage induced in the loop is 
then E l (ltvo ' l ‘ ) - and the deflection di is the calibra¬ 

tion point for 

c „ 3 X 16 mh 

8 " k - IN - (5) 


where 8 is in microvolts per meter, E j in microvolts, M in microhenries, 
h in milliamperes, /i„ in meters, and A in square meters, where A is 

the area /i (m) o (m) of the loop. The cur¬ 
rent 1 1 is then changed to some other value, 
giving another deflection d = dt on the 
microammeter and 8 again computed, and 
so on, giving the calibration curve of the 
entire field-intensity set, although it seems 

Fm. 844 .— Tost with a mutual more accurate to find the deflection 
mduetftnoo. , , , 

d due to the actual field intensity 8 first by 

directing the loop toward the sender and tuning the loop by means of C 
and then producing the same deflection by*neans of the oscillator as just 
described when the loop is set at right angles with respect to the sender- 
receiver direction. If the mutual inductance M is computed instead of 
measured, the calibration of the set is made by the method indicated 
in Fig. 344. This is the method adopted by the standardization com¬ 
mittee of the Institute of Radio Engineers. The loop indicated is then 
the loop of the field-intensity set shown in Fig. 342, which for a 
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certain sender gives a deflection d. The loop is then turned at 
right angles with respect to the sender-receiver plane in order 
to bring the deflection of the indicator back to the arbitrary zero 
setting and the small coil L is set a certain distance d cm along 
the common coil axis and the current 7 (/ia) varied until the same 
deflection d is again obtained. If the distance d is large compared 
with the dimensions of the loop, the field intensity can be computed from 


18,850np 2 I 


pvolts/m 


( 6 ) 


vV + df 

where n is the number of turns of the coupling coil L and p the radius 
of it. If the planes of the small coupling coil L and of the loop are not 
parallel but make a small angle d with each other, the above expression 
must be multiplied by cos 0 in order to give the correct value for 8. The 
procedure is exactly the same if one or several stages of high-frequency 
amplification are to be used between the tuned loop aerial and the tube 
voltmeter of the field-intensity set. Also in this case it is suggested 

not to depend upon a calibration but produce 
at first a deflection by means of the actual 
field intensity of an arriving electromagnetic 
wave, if the frame is pointing toward the 
sender and tuned, and then produce the same 


i 




: deflection by means of the local source, 

Li >s foij of F»'g .343 using either formula (5) or (G). The calibra- 

Fig. 345. —Calibration with a tion can then also be carried on by the met hod 
mutual inductance. •, • n a r mi • i * 1 ,1 

shown m rig. 345. This scheme has the 
inherent advantage that the entire loop circuit cannot act while 
the calibration is carried on. In the case of all other circuits 
mentioned above, the loop aerial is always connected during the 
calibration and certain minimum or other disturbing voltages may be 
operative even though the loop is at right angles to the direction of the 
arriving electromagnetic wave. But the disadvantage of the method of 
Fig. 345 is that the loop circuit and the coil L 2 , respectively, across the 
input terminals 1 and 2 of the high-frequency amplifier of the field- 
intensity set, may produce different input characteristics of the amplifier. 
The measurement is as follows: The amplifier is at first connected toward 
the loop, that is, terminal 1 closed on 3 and 4 and terminal 2 closed on 5 
and 6. The loop is turned approximately toward the sender and the loop 
tuned by means of C. The loop is then turned until practically zero-loop 
effect is noted on the indicator of the tube voltmeter forming the last 
stage of the high-frequency amplifier. The loop is then turned at right, 
angles and the resonance deflection d noted. The double-pole switch 
is connected across the secondary coil L 2) and M and I are varied until the 
same deflection d is again obtained. For the second deflection the 
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voltage* 0 IM m i?iipr»wd on the amplifier, while for the same deflection 
d «itiiiiiiiw! with llw tuned twp the high-frequency voltage impressed 
ttjniii the amplifier is hj*s if A# is the effective height of the loop, 8 *® 
mh H deii*it« the $Amr$mma of renonance of the loop of the effective 
iniluetmin* L and efft^live muetunee It, Since one and the same defleo 
tiiiti d i« |irrN iuei^ i hy In A h voltage?#, it is found by equating the expressions 
ihfii the field utmigilt L m RAl / (hM) volta/m if li is in ohms, M and L 
m Immm. ! m ampra*, and k 0 in meters. Introducing the value for 
itir effrrlirr height from tvq, (27) of Sec. (201), one can compute the 
eleet riedietil itileiwity from 

r -- i7 '™wn m 

wh**w r. is in tnier* 1 volt* per meter, H in ohms, M and L in microhenries, 
i in micrnnmprms, / in kilocycle* per second, and A in square meters. 



r*«» S4«l VMlmmbu « bjp mmm of an attemmtkm »h« tutd a «t*ndard rwiatenoo R,. 

If the calibration b anM on by means of a standard resistance H„ the 
circuit of Fig. JMtt can be ueed where the small current / producing the 
auxiliary voltage / M t i* computed from the much larger current In passing 
int«» tbe attenuation box. An exnmpte of the determination of I is given 
in Hoc. .10. The mMMtte p is ehimen such that p + Jt. is equal to the 
ehametertatie load wwditanee for which the attenuation is designed. It 
*H»*uUI la* noted that the Input terminals t and 2 are connected to one end 
and the water »»f the loop, respectively. Methods using attenuation 
hoxea w*»rk «iti*faet*»riljr up to about the middle broadcast frequencies, 
for still higher frequencies it mmm better to design specially just one 
serfi»n with the proper attrmufttion giving the desired ratio h/I and then 
in % ary / by m«iw of 11 change in I 

for some licld-intctwlty measurements it is of advantage to use the 
superheterodyne principle for which an intermediate frequency is 
amplified 

fQ§, Determination of the Height of the Ionized Layer of the Atmos¬ 
phere. Three different methocln’ have been ueed to determine the height 

• Arrtinr***. t» V , /*?#* Pit* Roe t t*mdoH), 41, 43, 1928; Prm. Roy, >S'<>c. (JUm* 
4m»i. t. ISA M3. I MO; <• Hssnr *ncl M A Tuva, Phm- R r, 'n 28, 871, 1928; R. A. 
Hkkmso. #w It##, tft. Tft, MB*; «litarl»t hy (I. W. flown, Exjdl. Wirdm, 8, 
«iW. iv#, J v Aiutujtna If, 1471, tfttSj O. W. Kkwriuk ami 0. K. Jaw, Pros. 
IRK, It. 711. 1030; •twiiwl hr J Zaasaca. Z ttaehfr^., 86, 73, 1930; Q. OoSBAC 
MM I J %««**.«. I fM/n*. *7, *17. I«l 
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of the ionized layer. In Fig. 347, the height of the lower boundary of 
the layer is GE. It could be found from the triangle SER if the ionized 
layer were a good conductor with a definite boundary parallel to the 
surface of the earth and such that the indirect ray ascends first from the 
sender S along the straight path SE and is reflected downward along 
E R. In reality the degree of ionization changes within the layer and the 
path, after entering the layer, is bent (successively refracted) and follows 



the curved path ABC. Hence SABCR is the actual path of an indirect 
ray. The height GB is therefore the actual maximum height for the 
path, while the height GD is the equivalent height, which is confirmed 
by all three experimental methods used so far. Hence, If the angle 0 of 
the downcoming ray is found from an experiment, the equivalent height 
II, can be computed from the triangle SDIi, since the distance SR — D is 
known. E. V. Appleton and M. A. F. Barnett* have also used a fre¬ 
quency-variation method (introduced as wave-length change method). 
G, Breit and M. A. Tuvo* as well as R. A. Seising* have employed the 
impulse method. In it, the frequency of the sender 8 it constant and 



i Itufinct imptf/m Sfwm tm Mmit my* 




\ Mark* of imm$ mm 
Fxa, 34S.* M lUuttrfttloii of the Imputai umihwL 


impulses (jabs of power) between 0.001 and 0.0010 see in duration are 
radiated and the time intervals between the moment at which the direct 
impulse arrives and the arrival of any impulses along indirect paths are 
noted. Hence, if about 00 impulses per second are sent out, a long time 
interval occurs in comparison with the duration of the existence of one 
impulse. Even if it were assumed that along the actual indirect optical 
path SABCR the velocity of light c would also practically exist for the 
portion ABC (which is not the case), the impulse would arrive later at 
Ii than the effect of the impulse along the direct optical path SR. Figure 
348 shows the impulses sent out and Impulses received if indirect waves 


1 Log* cAL 
% Log, ciL 
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are also present. The frequency (or wave-length) variation method is 
as follows: In Fig. 349, the direot ray has a length d% } and the indirect 
ray for a single reflection the length d 2 . Then d 2 = dvs /1 + p 2 for 
p « 2E/di . The difference in path is d = d 2 — di = di[\/l + p 2 — 1], 
and the height H is computed from H = 0 . 5 \/ d 2 — 2did. The differ¬ 
ence d in path is found experimentally by the interference-fringe method, 
inasmuch as di is known. When the indirect wave arrives 
N wave lengths behind the direct wave, N\ = d. If N 
is an integer, the waves steadily reinforce each other, where¬ 
as if N is half way between two integers the waves are 
steadily in opposite phase and produce fading effects. 

Hence, if the frequency / (corresponding to wave length 
X) of the sender is steadily decreased to a value/' (corre¬ 
sponding to length X'), the number of signal maxima N m is d — y J or 

Nm = p d if the change in X is very small. Since 5X and X are known and 
Nm is observed at the receiver end, d can be calculated. 



Sender Reaver 


Fig. 349.— 
Determination of 
height H. 


Example—A. change in X from 385 to 395 m resulted in 7 fringes (maxima); 

hence d — lV m ~ = 7 X = 103 km. 

• ' 

It is now of importance to see what height is actually measured 
with the three procedures. In the angle-of-incidence method the 
angle /S of the downcoming ray of Fig. 347 is found by experiment. 
The equivalent height H„ — OD is obtained by using the formula 
H e = 0.573 tan j3. In the impulse- and the frequency-variation methods 
the different velocities of propagations are taken into account. 


For ordinary atmosphere sueh as for the direot ground wave, the velocity of propar- 
cation occurs practically with the velocity c = 3 X 10 10 cm/sec of light. But in 
the ionized medium with N ions per oubic centimeter of charge q and mass m, for 
short waves from which the effect of the earth’s magnetic field can be neglected, the 


index Of refraction » - *\|l - - ? must he taken into consideration, where 

for the optical path ABC the value of n is smaller than unity. The quantity c' is 
called the phase velocity which is larger than that of light. Hence the upwar - 
moving sky wave moves with the velocity c from S to A. But as soon as it enters 
the layer at A, it meets a certain degree of ionization and higher phase velocity e - 
c/m is effective. As it enters deeper into the layer along the height dire ® “ n ’ „ ® 
idhization increases and with it the value of o' and the curved or refracted path ABC 
results. After emerging from the ionized layer, there is again the velocity c of light 
since m » 1. Hence if da denotes an element of the path, the actual path is aong 


ABC and equal to f da but the equivalent path is different. Hence if one thinks of 
an infinitely long wive train without modulations in it, the phase velocity on entering 
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If the actual 


at A becomes o' » c/n } that is, >c, and, upon emerging at C into ordinary atmos¬ 
phere, the phase velocity will correspond to some pathless than f ds. The correspond- 

ABC 

ihg path is Jrata The frequency-variation method does not depend upon the phase 

of the arriving wave but upon the change of its phase as the frequency / of the 

sender is varied by an amount A/. But the index n of refraction is a function of / 

and consequently also the phase velocity c f will be affected by changes A/, the indirect 

ray will change its path, and Snds will also show a correspondingly different value. 

Now, it is the group velocity c" = nc with which power (an impulse) is propagated 

through an ionized medium. But the frequency-variation method consists of noting 

the number of maxima AM for the frequency change A/ due to the interference 

between direct ground and indirect sky rays. The time which is required to carry 

/ ds 
—• 

SBR 

path is imagined entirely in air instead of partly (along ABC) in the ionized layer, 

/ ds 

—f t and it can be shown that for cases where the 
SBR 

earth's magnetic field does not materially affect the value of c" (for very short waves) 

/ ds rds 

£77 = I —. JHence the equivalent path is SD + DR 

and lie is the measured height. The same triangle SDR as for the method where 
H 0 is determined by means of angle (3 is effective. The equivalent height can also 
be determined by the time difference between direct and indirect wave. For fre¬ 
quencies which are not very high, the group velocity c" is affected by the magnetic 
field of the earth. But also in this case the equivalent triangle SDR can be con¬ 
structed from the path difference of direct and indirect ray and the equivalent path 

/ ds * 

£77 is then longer than the actual path /ds, and therefore the equivalent height 

He is also larger than the actual height GB. The equivalent path can then differ 
from SD + DR. 

If at R of Fig. 347 a loop receiver points toward the sender and it is 
assumed that the sky wave is reflected at the ground without change in 
phase and amplitude, the resultant induced voltage in the loop due to 

0 if d denotes the optical-path 

difference between the direct ground and indirect sky wave at R. For 
a square-law detector connected to the loop, a direct-current effect 


both rays is E 0 sin cot + 2Ei sin col t 





E 0 2 *4“ 4Si 2 + 4:E 0 Ex cos 


o)d 


will be observed. This would be the reading, if a detector type of tut^ 
voltmeter were used and a microammeter balanced to an arbitrary zero 
setting (for no waves affecting the loop). Hence, if / is gradually 
changed, the meter will show a series of maxima and minima deflections, 
depending upon whether cos (2irfd/c) is + or ■ —1. Every time wd/c is 
increased by 2ir\ that is, fd/c is increased by unity, a new maximum 
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do flect ion will be observed. For AM maxima caused by a frequency 
change A/ there is 

AM = c 1/^ 

®incD d m a function of / because the group velocity c" = nc is a function 
of / on account of the term n. But 



Him 


and the equivalent length of the sky wave can be found from 

J da , AM 

" D + c ~£f ( 8 ) 

But 

0 f % -(%-BB + BS 

sun arm 

for short waves and 

SI) + DR - D + 3 X 10 5 —■ (9) 

where the distances SD, t)R, and D are in kilometers if the gradual 
frequency change A/ is expressed in kilocycles per second. Therefore 
it is only necessary to count the number AM of maximum deflections 
noted on the direct-current meter in the loop circuit while the sender 
frequency / is gradually changed by a small amount A/. 

If this procedure is compared with the impulse method (Fig. 348), 
for which the time t at which the sky impulse arrives later than the direct 
impulse is determined, there is exactly the same relation 



where t is iri seconds, that is, AM/A/ * t and, by multiplying the 

equation by . 

SD + DR-D + 3 x ion (11) 

where I is in seconds. The distance D km between the sender and receiver 
station is known and, sis in Fig. 350, half of its value is plotted as the 
bam* line. Binoe in the equivalent triangle SDR (shown in Fig. 347), 
SD * DR, the length U of the hypotenuse in Fig. 350 is as given in this 
figure. The dimensions of the triangle are in kilometers if t is in seconds, 
fin kilocycles per second, and D in kilometers. 

For flu’ determination of the equivalent height with either the impulse, the fre¬ 
quency-variation (shift of interference fringes), or the angle-of-incidence (by meas- 
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uruig (3 or 90 - (3) method, it must be understood that it is impnm We< to find thi< tote! 
number of waves in the path. For mutant*, in the frequency-variation method, the 

experiment give# the ratio iM/Afmty. Therefore 
if [i «■ pi — pi denotee the total number />,of wave 
otg ,, ste tj$ length# along tlm indirect path (sky ra,v> minus the 




' N a$O*M**0*t 


total number p® in the din** path (gtatutd my), 
from the experiment dpfHJ « obtained. Mm p m 
f(h — l«) where ft donate* the time the wave erest 
(pfmm time) take* to tmwi over lf*«* imiireet mi 
is the time to irmvrf mm the direct peth Heoee, 
If the length of the direct path in *, end that of the 
indirect path h u there ia the path difference 


Fio. 


hkm&if evnmt 
” m&*mm mfoef fiw m 

mwtt fiwf* t&f- 

350. ^ Equivalent height of 
ionised layer. 


: |f t — Ig m e 


xm % ) 
1 I' 


tUjM 
djjf J 


whore and f ^> are the group time. (»« mmmrml m group-time wipwinimto) 

along the indirect and direct paths, respectively. Hence, any time the aqua re-law 
detector in the coil receiver of Fig. S47 give, another maximum deftwUon, one wave 
length has been gained in the aky wave with respect to lh« mi ml nr p of wave*. It 
must be realised, however, that the number p» of wave teugth* akmg the direct path 
also increases when pi increases, lienee, if the number p is integrated from aero 
frequency up to the highest desired frequency, the difewtiet of wave numbers for 
the indirect and direct paths is obtained. 

The method of ,T. C. Sehelleng,* determining the height (*B (Fig, 347) of 
the apex of the actual indirect path,to based on t he total num¬ 
ber of waveH and the triangle construction of Fig. SB I due to 
P. (>. Pedersen* baaed cm the approximation that the wave 


number along the actual half path BA B ia equal to 


t ft 
K " .lOO 



Fw, Ml.— 
if - detarmtao* 
tom iMB »f 
tail In. mjriar 
*p««we ** K *f * 
900 kmfim* 


where / is expressed in kilocycles per second and l in kilo¬ 
meters. The approximation holds fairly well for ri J3 80*. 

This method is also based on the empirical relation 

M„ » a 4* bf (IS) 

H, being given in kilometers, or some other suitable exprea- Sf**' 111 *• * 
sion for the equivalent height It, of the layer where, from m 
experimental data due to Holllngworth, Bown, Martin and 
Potter, Appleton and Barnett and Behring, the constants a end b mtm out 
a «■ 80 km and b «* 0.044, 


Since in the actual measurements the group-time difference l,' - » I appears, 

one must distinguish between group tiroes V and t»* and the ctoiTWtpnndlng phase 
times for passages along the indirect and direct paths, respectively. The phase time 
along the indirect path for a path clement s, ia given by 
. 1 fd«i fwt», ftkt 

h mjj ™ * J *7* * J 7 

1 Uotafts a procedure due to J. C. iahilteni (foe. e&V Is 

* Lot, ciL 

8 “Propagation of Radio Wave#/* Danmark* Maitiwd«wkatallifi Samfuad, 
Copenhagen, 1928, p. 178. 
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for the index of refraction n — "^l - —Bincc iho phase velocity c/p and 
the group velocity r" «• m, the eorrtwpniuting group time 





But, according to the dimnumon given above for both }>ftthn, l\ — /»' » * and for 

the integration from aem Impicncy to the highest dcaircd frequency / there in p - 
- h*W m ~ ^ 1 * formula for aidca SB - l and SC! **» 0.8/7 

that in, half the distance between sender and receiver atntimm (Fig. 361) becomes 

l - 0 M> - 0.6/A - 10' - (»’!<!/ (18) 


Since for the triangle (Fig. 350) holding for the equivalent height. 
//„ the length L * %///„* f 0.25/7* and for the shaded triangle (Fig. 351) 
for the actual height // of the apex of the true indirect path, the term 
(l - 0.5/7) denotes! half the path difference between indirect and direct 
ray, Kq. (13) leads to 


l - 0.5/7 


1 

/Jo 

I 

7J 


ivi/.’ Tnw - o.B dw 


JjvISTWTMsB* - 0.5/714/ 


since the difference of the two group time* t x and («' with reference to 

half the path difference in -1 \/UJ + 0 25/7* — 0.5/71. Since D t f, and 

c 

a and b are known, the hypotenuse l of the shaded triangle of Fig. 351 
©an l«* computed from 


l - 0.5/7 i 1 jj %/[« + ’ W‘+ 0*^/> 8 - 0.5/714/ - 0.5/7 + Q (14) 

where /» 17, and a are in kilometers, and / in kilocycle* per second. The 
construction for the actual // is carried out with the shaded triangle 
SBO «»f Fig. 331 by first plotting the lame line SB ** 0.5/7 by means of the 
known distance l) km between the render and receiver station* and finding 
the height // by mean* of the hypotenuse SS ■* l computed from Kq. (14). 

200. Determination of the Angle of the Downcoming Sky Wave and 
of the Resultant Wave. The procedure described in the previous section 
in connection with Fig. 350 gives two method* for finding the angle 0 
of tin* downcoming my, since 0.5/7 denotes half the distance in kilomot*** 
between the rentier anti receiver station* and the length l* in kilometer* 
can bt computed from experiment* with the fwwfuene^variation and 
the impulse methods, respectively. Other procedure* utilise a Hertarfan 
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rod, a tilting loop, and loop and aerial an receivers.' There are then the 
formulas 


cos & 


determined with Hcrtxian md 


with tilting loop 


(IS) 



M MMgarw » 


8, - fig. _ 

•\A«[8* ~ 8#»1 
Vk.[//, - //.,] 

i : t7~n«r 

8, - Fb» with loop and vertical antenna (doe* not require a 
Hu — //«» knowledge of the conditions of the ground) 

where 8„ 8*, and 8„ are the components of the total electric-field intensity 
8 of the arriving sky wave with the X coordinate vertical to ground and 
the X coordinate in the direction sender to receiver. The arriving direct 
wave of resultant electric Intensity 8# generally bus the component* 
Bos, Fob, and So*. The corresponding H values stand for the magoetie-Md 
intensities and Vk» » the index of refraction of the pound near its sur¬ 
face, and «. «■ k — -jp if k is the dielectric constant and <r tbs conductivity 

of pound. It may also be regarded as the complex dielectric constant of 

pound and is discussed in detail in floe, 134. 
If angle 0 due to the downeomtng sky wave is of 
interest only for the determination of the height 
of the ionised layer and the determination of the 
incident, reflect- degree of ionization (ionic coneeutraiton ) at u cer¬ 
tain altitude, the determination is carried on far 
enough away from the gender to make tbs effect of direct pound 
wave negligible in the measuring inat rumen to. For the arrival of 
both direct and indirect waves, there is the case of Fig. 333 for the X% 
plane through the sender and receiver. Hones, If tbs receiver is far 
enough away and the determination is carried on during hours when 
indirect sky waves are possible, according to (18), ooa 0 * 8»/{R,yZ) 
is measured with the Hertzian rod. Generally the downeomtng electric 
vector 8 is partially reflected upward again with a somewhat smaller 
value p„ 8 if p v denotes the vertical reflection coefficient, and the current 
induced in the Hertzian rod must be due to both eteetrie-fieid vectors. 
The horizontal axis of the rod is set at right angle* to the direction of 
sender to receiver station and the rod turned in a vertical plane until a 
maximum response is noted in the indicator. The r<wi to then along the 
resultant vector of both fields, and the angle r which it makes with the 
vertical to pound is the forward tilt. The mu.ximum-wwponi» position, 
as a rule, is not so sharp as the position for aero (minimum) effect. 
Therefore the rod is turned out of this position until a decided minimum 
effect is observed. For this location it is perpendicular to the electrical 

‘Such systems have bmn used by It. L, 8mith»Rott and ft. It, Barfteki, Prm, 
Hoy. Soc. (London), 110A, 580, 1038; Exptl, IV<r4c«, 4, UM, 1027. 


Pin. 863, 

edt and r&y». 
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lines of force of the wave front and the angle it makes with the ground 
measures the foreward tilt r, and tan r = Z z /S x if S 2 and S* are the vertical 
and horizontal components of the resultant electric vector. The angle p 

is then computed from cos ft — —’ Figure 353 shows the loop and 

V Ke 

antenna method due to Smith-Rose and Barfield 1 which, according to 
(15), for the reception of the indirect sky wave.,gives the angle ft with the 
ground by means of formula cos p = S Z /H y , if 8* is the vertical component 
of the sky wave as measured with a vertical aerial, while A . 

1 / W- High vrrtieaf 

the magnetic component Ii y is determined by means of / 
the loop aerial. Since the complex dielectric constant "TljTT 
k c of ground does not enter the above formula, the rtl T 
nature of ground needs no special consideration. If ["" j \ \-Goniam*ier 
terminals 1 and 2 are closed on 5 and 6, the vertical 
triangular loop which points toward the sender is con- ~T \ 
nected to the primary coil Li of a goniometer with the ** 
secondary L 3 which can. be rotated. If terminals 1 and r ’ IG ' e ^ 3 ^^°^ ioD1 ' 
2 are connected on 3 and 4, the loop terminals are short- 
circuited and the loop with the rest of the circuit acts as a vertical aerial 
with a loading coil L 2 as primary of the goniometer. A rocker type of 
double-pole double-throw switch is used so that 1 and 2 can be readily 
switched over from the vertical-antenna type to the loop type of receiver, 
simultaneously changing the angular position of the pick-up coil L 3 which 
leads at first to a few stages of tuned high-frequency amplification and 
acta as a field-intensity set. For a certain position of L 3 it will be found 


To iuned 
amplifier 


that the field-intensity set produces the same deflection on the indicator 
of the final stage. Since the tangent of the angle which coil L 3 makes for 
the equal-deflection position with its normal setting is proportional to the 
current in the two field coils, it must also be proportional to the ratio 8 Z /H y . 
The value of this ratio is found by means of an artificial ground wave (direct 
wave) of the same frequency for which 8* and H v are equal except for the 
conversion factor c, since 8 = cli (see introduction of this chapter). If 
a tilting loop is used, the axis about which the plane of the frame rotates 
is horizontal and at right angles to the sender-receiver direction. Hence, 
if one is far enough away to have only an appreciable downcoming sky 


wave, Eq. (15) shows that the angle /3 can be found from cos p 


it , 


If the tilting coil is rotated into such a position that its plane is along the 
resultant magnetic vector H (minimum effect noted) with vertical and 
horizontal components H, and H x the ratio IT Z /H X can be expressed by 
tan y if y denotes the angle of the plane of the tilting coil with respect to 


l Lo6. cit. 
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the horizontal plane, and ft is computed from cos j8 = -s/ k 6 tan 7; that is, 
the property of the ground must be known again. 

207. Determination of Ionic Concentration at Different Heights of the 
Heaviside-Kennelly Layer. —By applying Snell's law (n sin # = con¬ 
stant), 


sin $0 = 



Ng 2 

27rm/ 2 


and the ionic concentration N for short waves can be computed from 


6.28 X 10 l2 mf[l 


where N denotes the number of ions per cubic centimeter, m and q the 
mass and charge of the ipn,/ the frequency in megacycles per second, and 
<f>o the angle of the ascending or descending sky wave with respect to the 
normal toward the ground. Thus after knowing the angle of the down¬ 
coming ray, it is possible to compute the ionic density. The angle can 
also be found from the triangle construction of Fig. 350 or any of the 
methods described in the previous section. If it is assumed that electrons 
are mostly responsible, m and q denote the mass and 
charge of one electron. The above formula assumes 
that the collisions and the earth's magnetic field do not 
affect the result appreciably, which is true to a fair 



Fig. 354.—Dia~ degree of approximation at frequencies higher than 
mhStioa 1 ol ©lettron about 3 Mc/sec. According to T. L. Eckersley 1 and 


density in the ionized 
layer. 


with respect to Fig. 354 for a known height H of the 
sky ray at its apex the maximum electron density at 


the apex can be found from 


N - ^[sinM + 2 p] 


(17) 


where it is assumed that p is small and the gradient of the ionic density 
is vertical everywhere. The arc 9 must be chosen so that the receiver 
is not in the dead zone, that is, not within the skip distance. Again the 
formula applies to short waves only. 

208. Determination of Polarization of Received Electromagnetic 
Waves and of Fading Effects. —The polarization of the resultant electro¬ 
magnetic field existing at a receiver system when due to direct and indirect 
waves is complex, especially during sunset periods. The phase, as well as 
the amplitude, of the indirect wave may undergo changes. The cathode- 


l Proc. I.R.E., 18 , 106, 1930, 
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ray tube can then be used to note both amplitude and phase changes. In 
the method used by E. Merritt 1 and W. E. Bostwick, two vertical loops 
Li and L 2 are employed in such a way that L x points toward the sender 
and the plane of L 2 is perpendicular to the sender-receiver direction. 
Loop Li then picks up the magnetic field of the combined action of the 
ground wave and the vertically polarized component of the indirect sky 
wave, whereas L 2 is not affected by the direct ground wave and only picks 
up a signal if the sky wave' has a component which is polarized with its 
electrical vector horizontal. The signals A cos tit and B cos (tit + 0) 
picked up by loops L x and L 2 are heterodyned with 0 cos (& — o>)t by 
means of a local source whose amplitude 0 is always larger than either 
amplitude A or B. After amplification and detection, the variable 
output voltage from either loop circuit is made to act on the respective 
deflection quadrants of a cathode-ray oscillograph. The variable 
voltage due to loop L x produces a vibration component of the fluorescent 
spot along the horizontal and the voltage due to L 2 a variable vertical 
vibration component. The amplitudes of the vertical and horizontal 
vibrations are then proportional to the amplitudes of the signals received 
by the respective loops, and the phase difference shown by the Lissajous 
figure also gives the phase difference between the original component 
waves. In the circuit of loop L x is found A cos tit + C cos (Q — -c o)t = 
(C — A) cos (ti — c o)t + 2 A cos 0.5a>tf cos 0.5(20 — u)t amd in the cir¬ 
cuit for loop L 2 is found B cos (tit + 0) + C cos (0 — c c)t = (C — B) 
cos (0 — o))t + 2B cos [0.5 ut + 0.50] cos [0.5(20 — co)t + 0.50]. Since 
rectification is used, the amplitude variation has not a beat frequency 
0.5co/(27r) as appears in these formulas, but a beat frequency o>/2ir. The 
phase difference is 0 since rectification cannot change it. If the indirect 
wave is polarized with the electric vector in the vertical plane, no effect 
is produced in loop L 2 . The Lissajous figure is then a horizontal trace 
changing slowly in length because of the phase of the two waves. A 
line of constant length is obtained during the day (for broadcast waves) 
but, as the sun begins to set, the sky wave appears with most erratic 
changes and the horizontal trace begins to pulsate and tilts back and 
forth about the horizontal. In some cases it opens into an ellipse which 
changes in tilt and area. About ten minutes after sunset the ellipse 
rotates, changing from ellipse to line and back to ellipse. The method 
of H. T. Friis also utilizes a cathode-ray oscillograph but depends upon the 
beating effects of the two received signals, one from the distant and on© 
from a local generator when exposed to two spaced receivers (about one- 
third wave length apart). The local generator affects both receiving 
stations. Since the local generator has constant amplitude and fre- 

1 Merritt, E,, and W. E. Bostwick, loc . cit; H. T. Friis, Proc. I.R.E. , 10, 658, 
1928. 
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quenoy, the beat notes produced in the two receivers give a means of 
visualizing the amplitude as well as the phase of the wave arriving from 
the sender. This is true as long as the amplitude does not vary at a 
greater rate than represented by the beat frequency. Hence, if a teat 
frequency from 0.5 to 1 kc/aec is chosen, customary normal fading 
periods from 1 to 10 sec can be readily observed. 

The polarization of the indirect wave changes with the frequency, 
and considerable distortion may be produced in the received signal if 
selective rotation of the polarization plane 1 over the signal band takes 
place for a transmission along the magnetic field of the earth. The 
rotation is due to the difference in velocity of propagation of the right- 
and left-hand circularly polarized components and the rotation varies 
with the frequency. P. 0. Pedersen* has given the approximate formula 


D 0 ■> ■yl0~* km (18) 

for the distance within which the plane of polarization of a short high- 
frequency wave is rotated through an angle of 860 deg (2* radians), in 
this formula c - 3 X 10 10 om/sec, q - 4.77 X 10”"> e.s.u., m - 8.07 X 
10~ M g, w/2?r «■ / the frequency in cycles per second, JV the number of 
electrons per cubic centimeter, h «* q/(m c) times the magnetic field of 
the earth in gausses. Hence for a distance D of propagation within the 
electron atmosphere, a rotation angle 

6 * - l8,02°M~p£ radians (19) 

is obtained, and the rate of change of rotation with frequency is 


dO 

df 


■ 7960 ^ 


( 20 ) 


from which the distortion effect can be computed, 

209. Notes on die Determination of Direction Effect® and Bearing 
Errors.—The cathode-ray oscillograph can again be used for such work, 
and vertical and tilting loops (rotating about horizontal axes either along 
or perpendicular to directions with respect to the sender-receiver direc¬ 
tion) can be employed. The Hertzian rod receiver can also be used. 
Their action is described in Sec. 206. 


1 Potter, E. K., Ptoc. t.R.E 18, 681, 1030. 
• Loo. oil. 




CHAPTER XVII 


determinations on piezo-electric apparatus 

Piezo-electric quartz elements play an important part if great fre¬ 
quency stability is of interest. Although the crystal holder (proper 
mounting) and thermostatic temperature control as well as suitable tube 
circuits are very essential in order to obtain a constant frequency, it is 
also important that the quartz element be properly oriented with respect 
to the characteristic axes of the original structure and that no twinning 
exist. Although some elements oscillate even though cut from twinned 
portions, it may be stated that the stability cannot be so good as for a 
plate free from twinning. Only the differential piezo-electric effect 
can be operative for pronounced twinning. 

210. Determination of the Orientation of Quartz Elements and 
Approximate Design Formulas.— It is customary to work with either 



Fra. 36S.—Zero and thirty-degree out piezo-oleotrio quartz elements. (The natural 
grooves give a means for locating approximately the optical axis if the pyramids are 
missing*) 

Curie or 30-deg cuts, the latter being more convenient for short-wave 
stabilization (Fig. 355). For either cut, the threefold symmetrical 
optical axis is parallel to one face. Even though the two end pyramids 
of a quartz crystal may be practically worn off in some natural crystals, 
parallel fringes around the crystals always indicate the trend of the 
optical axis. If a plane is laid through any one of the fringes, the optical, 
axis is perpendicular to the plane. A polariscope is used to find the 
optical axis more accurately (within about M deg). It consists of two 
nicols which can be crossed by rotating the analyzer with respect to ttie 
polarizer. If now a piece of quartz is cut by guess with the end 
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perpendicular to the optical axis and the specimen between the two 
nicola, with its preliminary optic axis along the viewing direction (jstlarirer 
to analyzer), the analyser must be turned through a certain angle in order 
to produce darkness again. The magnitude of the angle depends 
upon the dimensions of the specimen along the optical axis and the' angle 
which the viewing direction makes with the true optical axis of the 
specimen. The largest rotation is required if the optical axis and the 
viewing axis are parallel. 

Piezo-electric quartz elements of rectangular slab, disk, and ring 
shape are used in frequency-stabilization work. Curie and lid-dog cuts 
are customary. In Fig. 855, a Curie out element is excited by an electric 
field acting across faces be, along the axis X of piezo-electric polarization. 
Since threefold symmetry exist® around the optical F-axla, the cut 
can also be made so that the thickness dimension a is along the X' or 
along the X"-axte. A 80-deg cut crystal is excited across fares or, that 
is, along 6 as thickness dimension. Because of the threefold symmetry, 
cuts can be parallel to either the XZ plane, the X'Z piano, or the X"Z 
plane. Usually the fundamental mode of longitudinal vibration is excited 
in piezo oscillators. For the thickness vibration of a Curie out, there is 
the design formula /, » 2870/ra ke/sec if a is in miUimeten. For 
longitudinal vibration along the Y dimension, / s » 2700/6 kc/fiee if the 
width 6 is in millimeters. For plates a coupling frequency /, may a l w , 
occur, which for a square plate (6 - e) is estimated from /, - 8830/6 
kc/seo if b is in millimeters. If Curie out disk elements with a thickness 
o mm and a diameter d mm are used, the three significant fundamental 
frequencies in kilocycles per second are ft - 2870/s, / 8 » 2715/d, and 
/a • 8830/d. For thin 80-deg out plates of a large area « c, the thickness 
vibration is estimated from /j « 1960/6 kc/see if 6 is in rnillimettm, 
showing that with a cut of this kind a lower frequency ia obtained than 
with a Curie cut of the same thickness. The other possible longitudinal 
vibration along the X-axis for a 80-dog cut crystal i»/ 4 «■ M/s ke/we 
if a is in millimeters. For the thickness and Y vibration# in a Curie cut 
crystal and the width vibrations along the X»axte of a 80-deg crystal, the 
temperature coefficient of the frequency is negative, since it depend* 
mainly upon the temperature coefficient of Young’s modulus in the XY 
plane. The temperature effect® upon the density and the dimension 
play only a minor part. The average temperature coefficient* along the 
electric axis for Curie and 80-deg cuts vary between -0.002 to -0.0035 
per cent, along the F-axis for Curie cuts l>etwren -0.008 to -0.007 
per cent, and for Curie cut coupling frequency between -0.004 to 
-0.007 per cent. Hence, about 20 to 86 cycles variation in 10* for each 
degree centigrade of change for the thickness vibration of Curie cute and 
the vibrations along the X-axia for 80-deg cute. The temperature coeffi¬ 
cient of the thickness frequency of a 80-deg cut crystal is usually pomlim. 
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It, varies with the dimension along the X-axis of the plate and also depends 
upon the temperature. It varies between +0.01 to -0.002 per cent. 
Hence the thickness frequency varies from +100 cycles in 10 6 per degree 
centigrade, to -20 cycles, showing that there must be a case for zero- 
temperature coefficient. 

The above formulas for the frequency depending upon the dimensions are the 
outcome of theoretical analysis and experimental results. Since, for longitudinal 
vibrations, the frequency is proportional to the square-root value of the elasticity E 
divided by density p, it is evident that the frequency varies if E varies. Hence, if 
a sphere made of crystal quartz is considered, the elasticity surface produced by all 
vectors representing the moduli of elasticity is no longer a sphere. The reciprocal 
of the elasticity surface, according to W. Voigt (“Lehrbuch der Kristallphysik”) is 
given by 1/E = 8n sin<+ + s aa cos 4 <p + (s« + 2s, 3 ) sin 2 ^ cos 2 ^ + 2s, 4 sin 3 <p cos <p 
sin 30 for su = 12.7, Sia = —1.49, s u = —4.23, s 8 s = 9.8, s it = 19.6(10~ 13 c.g.s.). 
Hence in the plane X to the X-axis for E, there are the two maxima 13.05 and 10.33 
(10‘ kg/cm 2 ) at (j = —48°19' and +11°7', respectively, and the two miminum 
values E = 10.2 and 7.06(10 6 kg/cm 2 ). The elasticity values for +71°32' and 
— 48°19' confirm the frequency formulas for the two coupling oscillations of a disk 
in the Curie cut. 

211. Test for the Piezo-electric Effect of a Quartz Element.—The 

quartz element, as in Fig. 356, is placed on a metal electrode which leads 
to the cathode of a tube, while the upper metal plate rests lightly on the 
quartz element and is connected to the grid. 

The galvanometer in the plate branch shows 
a certain current. If the test piece is a Curie 
cut and the upper face gives up negative charges 
upon compression, the plate current I decreases 
to some value h if the weight is placed on the 
upper electrode. After a few seconds, the 
original current I will be noted again. If the weight is taken off, a 
small current increase occurs. If the piezo-electric element is 
turned around, only a small deflection occurs when the pressure is 
applied, but the same large current decrease I — h takes place when 
the pressure is removed. If specimens of the same size are tested, 
the decrease I — I\ is a measure of the piezo-electric effect. This may be 
called the "total-surface test.” A much more critical test is carried on 
by using only a small exploring surface instead of the large electrodes and 
noting the effects at different points of the faces. For a poor piece, the 
deflections change along the surface, going through zero spots and spots 
of different polarity. 

212. The Equivalent Resonator Circuit and Determination of Equiva¬ 
lent Constants of a Quartz Element.—-If a piezo-electric quartz element, 
as in Fig. 357, vibrates longitudinally along the piezo-electric thickness 
dimension a, one can imagine the crystal as a series combination of induc¬ 
tance L, resistance R, and capacitance C. with a condenser Cq in multiple 



Fig, 356.—Polarity test. 
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accounting for the capacitance of the piezo-electric condenser. The air- 
gap effect being neglected in this casts, the entire network can therefore 1*. 



Fra, 857. — Equivalfml metanc* X# ft&d nmktMim of a vibmttas e?i«ri* $:dila (+X* 
inductive. — X# capacitive; p density of B modulus of dMtfoity; #«« jdettMrilootrfo 

constant.) 


imagined as an effective reactance X„ in aeries with an effective resistance 
R„ where 


R, ** 


„ Y x/y® 

pA r+isi 



if p — f/fo denotes the ratio of any frequency/to the resonance frequency 
/a of the voltage acting aoroiw the electrodes of the pieto-nteettrte element 


m 




the sharpness of resonance of the crystal element 


(alone) and X ■» l/(2r/«C 0 ) the reactance of the piezo-electric condenser 
at resonance. Figure 357 gives the effective values of reactance ami 


resistance and shows that the reactance can bo positive (Inductive) or 
negative (capacitive), The reactance X. vanishes at P and P®, 11 to the 


point P 0 which corresponds to the resonance frequency /*» of the crystal 
when operating as an oscillator in spite of the steepness «f the X , char¬ 
acteristic which passes through point P. The reason for this to thnt the 
effective resistance R, has a very high value, and for a crystal connected 
across the grid and the filament such a high resistance c*»rre«j«*ntling to 
point P would prevent oscillations. Hence the point /*, correwjjomhng to 
parallel resonance of the multiple branches C, L, It, and Co, respectively, 
does not refer to the frequency/ 0 of the oscillation. For point /»* there to 
to a good degree of approximation 2rfJ, » l/(2*/«C), which means a 
condition corresponding to the mechanical resonance of the piezo¬ 
electric quartz element, Bf rictly speaking, P # corn*s|«md* to a frequency 
f which is somewhat higher than/, - 1/(2*VC£), since X - 1/C2»/A) 


acts in parallel with R because %rf®L - 


m 


0. The effective 



DETERMINATIONS ON PIEZO-ELECTRIC APPARATUS 427 
impedance is then 

RjX _ RX* , . R'~x 
R + jX R* + X 2 + J W~+Y 2 = Re + i Xe 

and 


Y _ R*X 
e WTT* 

at Pa is already somewhat capacitive. For an infinitely small value of 
Co, one obtains X = 0, that is, f = / 0 at P„. 


With reference to Fig. 357, the electric-field intensity 8 acting for the instantaneous 
value e of the sinusoidal voltage applied across the electrodes is 8 = e/a If now 
longitudinal mechanical vibrations along the 6 dimension are considered the piezo- 
electric stress Y « «n 8 - <me/a acts uniformly along the entire length if e u = -5 1 
X 10*0.8. e.g.s. units is the piezo-electric constant which plays a part for such mechan¬ 
ical vibrations. Across each area ac there is then a force acY. This force along the 
entire length then has the same effect as though a force acY were active at each end 
face but in the opposite direction. Hence the driving force is F = 2acY = 2ce„e 
If a denotes the displacement at the ends of the rod, ds/dt = F/Z, n , since in the actual 
mechanical system the driving force F divided by the mechanical impedance Z m = 

d — -J ia equal to the velocity which corresponds to the equivalent 

electrical relation, driving voltage divided by impedance equal to current. Therefore 
ds/dt ” 2 ceue/Zm. The total instantaneous current i flowing to the crystal is due 
to the ordinary dielectric polarization Pi = K e/(4ra) if K denotes the dielectric con¬ 
stant and the piezo-electric polarization P 2 = 2e„s/6 due to the converse effect, 
since a strain 2s/6 is produced because the total displacement is 2s. Then for the 
instantaneous current i flowing to the crystal, 




, A d[Pi kA de 

dt 4?ra dt *•" 


2c n A ds 
b dt 


dielectric displaoe- current due to piezo- 
ment current electric converse effect 


Kbc de , (2eiic) a e „ de , 

YY. = + me 


4rO 3t " T " Z m ' /0 dt 
Therefore for the effective current value J flowing to the system 


I = [m +jo>Co]E (2) 

if E is the effective voltage and m - 4 *\,e*/Z m is the motional admittance of the 
quartz element. For a variablo frequency w/2ir its locus is a circle. 


Equation (2) can be used to find the impedance E/I of the mounted 
quartz element or its admittance I/E. From the E/I curve (resonance 
curve) the equivalent electrical constants R, L, and C can be computed. 
The experimental results give more reliable values than the theoretical 
formulas, inasmuch as the latter hold for a long rod only. Y. Watanabe 1 
gives two methods for this. One procedure is called the “inverted 
resonance-curve method.” The quartz element is connected as in Fig. 

‘ E.N.T., 6 , 45, 1928; Proc. I.R.E., 18 , 695, 1930. 
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358, The effective resistance Rt of the input coil L t is at first determined 
at a frequency equal to the natural crystal frequency /« of interest and 
Ln chosen such that Ci is comparatively large and such that 1 /i2*\/(!,&,) 
is equal to the resonance frequency of the crystal. Since the decrement 

Ei/Wo) is large compared with the decre* 
Ti| | ment R/{2faL) of the equivalent electrical 

' ~~ network of the quart* element, the input 

MtjJ.tmlZr' Cnt ‘ M circuit C\L\R% remains essentially in resort- 

Fio. 358 .—Method for find- ance, even though the frequency of the 
wwuuua*'o(y»tBi? 0,1,,t,mU ° f *” oscillator is varied over the small frequency 

band in order to obtain the sharp resonant* 
curve of the quartz element. The voltage B across the piano crystal 1 b t hen 

Bt _ B\ 1 m% 

If Ex is the voltage induced In the L\ coil and i* assumed essentially 
constant. It may be taken constant for the value# near the resonance 
frequency/o. The reciprocal of the motional admittance m of the vibrat- 

1 T 1 1 

ing quartz element is ~ » R + jj uL — and may be waited the 
“motional impedance." Equation (8) then give* the solution 


Fiu. aSH.—Mothod for Had¬ 
ing; oquivalont ooiuitfuiU of an 
onoillnting crystal. 

curve of the quartz element. 


j%rf a C 

nr 


[Ri + , 


tomtit* of nttitonoo 


R + M 2wfh 


The voltage E is determined by the tube voltmeter, and the above 
equation shows that the apparent- circuit resistance is 
increased because of the motional impedance 1 /m of the j a 
quartz element. Therefor© there is a constant part 


~jjr~Iii and a variable part Q 


j r , n . t as shown 

ttfoO } J§| 




in Fig* 359. The variable part hm the ehameter of * J L f xL r ... j 

a resonance curve with a maximum value r. If the j 1 1 

piezo-electric element vibrates almost at resonance .n")"l . ■ ■ ■ 

frequency, according to (4), the equivalent circuit resist- 

anee is approximately equal to -n™ and, according r*«««»an«» 

wi imrv# for libs un* of 

to Fig. 359, j,Ri ** ~ and the equivalent rente*- *** ***■ 

unoc is computed from R » F/(uo*Ci s /fi r). Binee the logarithmic decre 
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merit 5 « R enn In* found from the resonance curve, the equivalent 

inductance ts computed from A ** R {2f,A). ForpointaPi andP*, bymeane 
of the parallel-lint* method giving the corresponding frequencies/ t and/s, 
the logarithmic decrement 6 » —/,) /„. The equivalent capacitance, 

because of the relation uj, «■ !/{«*/’), eun lie computed from C <* 

I/(4?r*/«*/#). In these formulas C is in farads, L in henries, R in ohms, 
and / in cycles per second. The other procedure for finding the equiva¬ 
lent electrical constants of a quarts element employs the substitution 
method indicated in Fig. 300. The equivalent series branch CLR of the 
vibrating quarts element, in this ease, is considered as an equivalent 
motional capacitance C m (positive or negative) in multiple with an equiva¬ 
lent motional conductance O m . Therefore the motional capacitance 
changes its sign when pawing through the condition of crystal resonance. 



t-Vi, sen. l>rt*>rmltnni»H nt aquinitMt ronst*nts of a vihrMin* crystal. 

In multiple with this combination in tlie capacitance C\, which produces 
the dielectric displacement current and is practically equal to the meas¬ 
ured capacitance of the mounted quarts element when the ptoco-electric 
element is not vibrating. A tube generator excites the system. C t 
denotes n small vernier condenser so that the frequency / can be varied 
very little in the neighborhood of the wsonan.ee frequency /«, and as In 
the previous method the small changes (/«, /) are determined by means 

of a fixed pieso-electric generator of frequency/#. The beat frequency 
{/# - /I is made to l*e»t against the audio-frequency note of a variable 
beat-frequency generator (Fig. 147) and read off directly on the calibrated 
scale of the bent-frequency generator. The measurement in then an 
follow*: 

1 , Jty means of £\ * frequency / near the mmmuum frequtmoy /§ of the crystal is 

Sctjt«l«l » ■ 

2, With twimtutU i mncl *i dtmnl an II mid 4 and tha nUnciardl wsteturiMt !L fit* 
mm mitt*** ifw mndt vamfer mmdtmm*t k mnm\ until for m valuo C* &h«t tube volt* 
nii!l#r give* f# m nit lift it tn 

I, Thu «Hf«4 8 k apan«d »ml flip ■nltlttgof <7* \mmmuA by an amotuil (€§ + (?*)* 
llml k, to *. vuliitK f% tor which t§ somewhat larger tniydmutn rmpomm will b# noted 
on tin? tube vtiltiiif'i#?, 

The standard variable resistance is then gradually out in until for a 
value R, the same deflection ts noted on the tube voltmeter as with the 
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Via, aoi.~ 
Curvo for ob- 
t a i n l n g t h t 
ftqul valent log- 
nrithmio dear*- 


crystal in the circuit. The difference CY — C« *■ C u 4- C m then gives 
the capacitance due to the crystal holder and the equivalent motional 
capacitance C „ of the vibrating quartz element. Since C« can be com¬ 
puted from the size of the electrode and the thickness of the quarts 
element, the motional capacitance is found from C m ™ 
CY “ (f'< + Co). The equivalent motional conductance 
of the vibrating quartz element is computed from G m Sw* 
R,[(-t + Cd* S5S w 8 fi a Cs s whore w/2ir is the frequency / in 
cycles per second, R„ in ohms, and the capacitances C* 
and Ci expressed in farads. Q» is then in mhos. The 
exact expression is G m » + Ci + (?#+ C»I*. The 

frequency of the generator is changed to some other value 
and G m computed again, and so on. The equivalent eon- 
mwit of an o»oU- slants C, L, and R are again obtained from the experiment* 
tal curves of Fig. 881, where the frequency / is plotted 
against the R, setting where R^ is the value for crystal resonance. As 
above from t * *(/* — /t)//o the inductance L - ti/(2$fn) is obtained if & is 
determined from the /i and }% values for a parallel line drawn a distance 
O.BRmn above the abscissa. The capacitance is again computed from 
C «■ 1 /(«„»/,). The resistance R, according to the above approximations, 
can be computed from R •> i/(4v%t % C^R B ) if R, denotes the maximum 
value R m , for the resonance frequency /„, 

218. Notes on Resonance Curves and the Determination of the Decre¬ 
ment of Vibrating Quartz Elements.—In the 
preceding section the logarithmic decrement is 
determined from equivalent resonance curves. 

In Fig. 302, the resonance 
curve is taken by means of 






the potential drop across a " 



Via, 
t»m for 
monwiM eurvt of 
crrystal. 


of 


The 


high resistance. In Fig. , 11 
X/fhe 363, the frequency /of the 

source is at first chosen close tm. aB3.~-R**m*iw* 
to the, natural frequency /„ njmul. 

of the quartz element about which the resonance curve is to be taken, 
bridge is adjusted to balance. A constant voltage B is impressed and the 
frequency varied, and as/ approaches/ n the sensitive galvanometer gives 
increasing deflections. After passing the resonance condition / « /„ the 
deflections decrease again. The output circuit C t L is always tuned and has 
a decrement many times larger than for any piezo-electric vibration and 
therefore does not give rise to appreciable distortion. The indications 
of the galvanometer plotted against the frequency give the ruomurae 
curve. All these methods require that the voltage be constant; otherwise 
the curve with a resonance peak cannot be used to determine the decre¬ 
ment. The determination of the decrement from the Bjerknem resonance 
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curve also requires that a logarithmic decay take place which, according 
t o the experiments of S. Chaikin, 1 seems to be true for the resonance 
curves taken for X and Y oscillations experimented with. The main 
difficulty lies in the fact that 5 may be as low as 10~ 4 to 10“" 5 and the 
resonance curve covers a frequency band of a few cycles only. It is 
also difficult to avoid any added decrement due to back action. This 
may be negative (may be the case if amplification is used where the effects 
in the plate branch are partially reflected into the crystal branch). 
Since the decrement is small, very many cycles occur before the crystal 
element stops vibrating, and use can be made of this. Therefore the 
decrement can be conveniently determined by setting the quartz element 
into natural vibrations and noting the decay after the initial source has 
been removed. The logarithmic decrement per cycle is then found by 
Beading off the amplitudes A x and A n of the same polarity n cycles apart 
and computing the decrement from 

8 = log, { Ax/ An ) _ 2.303 lo g IQ {Ax/A n ) 
n r 

A. procedure of this type was originally suggested by S. Chaikin. 2 It 
was also used by K. S. Van Dyke (so far unpublished), who used amplifi- 






fiptcomtembsj 


Fig, 304. Determination of the decrement, by means of the ballistic galvanometer. 


cut ion and the records of a cathode-ray oscillograph to visualize dying-off 
crystal vibrations. Figure 364 gives a procedure of this kind when a tube 
generator excites the quartz specimen in the desired mode. At a time 
in the generator is disconnected by means of contact Kt, and the quartz 
element loft free to vibrate out the received energy. During this process, 
contact can be made, after any time t\ by means of K t and the current 
/ noted by the ballistic galvanometer. If i denotes the instantaneous 

current for a quadratic law, the deflection is proportional to r”" ihit. 
'I’he process is repeated by choosing another time interval and obtaining 
smother current reading, and so on. The curve I " kf t ” "MOM 
for the different values of U, giving different values of / noted on the 

* J2T, Ilochfreq ,, 36, 0, 1930; for doemmmfc rntwHuromcntn nm also A. Moksimr, Z. 
f*rh~ lUiydk, 7, 586, 1920; K. Hwgrmr, Z. Ilochfreq.^ 29, 177, 1927; R Giofm arid A. 
*"•*<» 1 1 < d l >e, Z, Ilochfreq 36, 105, 1930. 

* Lsoc. ciU 
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ballistic galvanometer, gives the decay of amplitude with respect to 
time if care is taken that the initial amplitude is always the name. This 
can be satisfied by means of the meter /« which must always give the 
same deflection when A\ is closed. A rotating device, a Helmholtz 
pendulum, or the like can be used to operate contact* K i and K s , Because 
of the square-law detection, the experimental curve gives the factor 
instead of e"*‘. The accuracy of the method depends upon the 
accuracy of the I readings and the accuracy with which tin'* time interval 

is determined. To ascertain whether a loga¬ 
rithmic decay occurs, log l is plotted against 
the time interval and a fulling straight line 
obtained for a logarit hmic ease. 

214. Dynamic Characteristics of Piezo¬ 
electric Vibrations.—-LUwajou* figures on 
cathode-ray tub's were used by several 
investigators to note true crystal excitations, 1 
Figure 365 shown the characteristic traces 
observed if one deflection is proportional to the voltage B and the 
quadrature deflection proportional to the current through the crystal. 

216. Notes on Experiments with Piezo-electric Oscillators, Such 
experiments are manifold. If an ordinary three-element tube is used, 



Fro. 80S,—Cathode-ray o»* 
elllograph for studying pities 
©loo.trio oscillation*. 



Fiti, 306,—For oititiocii^rld 


one may distinguish between piezo-electric excitation across the filament- 
grid gap and across the grid-plate gap, respectively. The "pulling in" 
of piezo-electric oscillations is then as in Figs, 380 and 3(17. With respect 

® ^8* P^d leak p is at first out of the circuit, Th© value of C 

is such that at about 90 deg the oscillation constant CL prisluew current 
resonance in the tank circuit if (he plate tap is connected on A, *rhc 
condenser C is at first set for minimum capacitance (0-drg position). A 
thermoelectric indicator then indicate* no oscillation current I and the 
direct-current meter in the plate branch indicates a steady plate current 

‘For publications, reference is made to the pnpem by Y. Waliinabo, to. m , »««! 
K. S. van Dyke, Pros, t.K.E., 16, 768, I MR. 
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| f depending upon the steady plate potential, the filament current, and 
the grid charge due to the pteiiMdecttic condenser and the leakage in the 
tube socket across the filament »grid gap. The netting of C is then 
gradually increased, until for a certain value (87 deg) ptezo-etectric 
oscilluttoiiH set in. The steady plate current 7 then decreases suddenly 
to a value at 3 and the (mediation current l has the value at 3 along the 
l charnel eristic. For this state, the load impedance in the external plate 
circuit reacts hmk through the plate-grid intended rode capacitance in 
such a way that the circuit losses of the input branch art* compensated. 
It will be found that the frequency of the oscillations is essentially due to 
the dimensions of the pieso-electric element (Bee. 210), that the tank 
circuit CL lids an an inductance at this frequency, and that its natural 
frequency ia above that of the crystal frequency which is excited. A 



further increase of the C setting increaaaa the amplitude of the oscillatory 
cum*rit l and decmuM the direct-current wmpoxumt I of the plat© out** ■ 
rent still more, and almost linearly (8 to 4), until for a C setting corre¬ 
sponding t«> -I the oscillation breaks off (7 becomes mm and I returns 
to Us original normal value). A further increase of the C netting will 
not tiring hack the fiieio-eledrie oscillation, nine© the external plate 
circuit is then capacitive, for which condition no oacdltatkms arc possible. 
Practically nil along the portion 3 to 4, the frequency is that due to th© 
pieieeelectric element, except, for C settings close to the breakoff pointy 
the frequency is somewhat affected (drawing effect) by the tank circuit. 
Bettings clone to this point for which the external impedance of the plate 
circuit is very high are therefore undesirable for pteao osclllntors. Thi 
V T IV V IF if characteriatios it and t) iUuatmte toi ttptriinintftl rwrulta 
if the grid leak l« used, There is then a more efficient oscillator which 
could Is* improved »f ill more by using an appropriate grid Mas In addition. 
In a simitar way are obtained the 7* f tdmracterinttes for no jptd teak with 
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the piezoelectric element across the grid and the plate m in Fig. 387, 
The oscillations are then pulled in from the larger € net imp toward the 
smaller C settings. The V and /' characteristics are obtained for a grid 
leak p. In order to obtain still better efficiency, the plate tap in placed 
on a suitable point along L. It will be noted that the uneiltntiun break* 
off for a C setting of about 128 deg for the grid-filament excitation and 
at about 138 deg for the grid-plate excitation. The reason for it is that 
the back feeds are along different paths and that the drawing effect is 
uasymmetrical, since a rather tight coupling exists between the equivalent 
piezo-electric circuit of the quartz element and the tank circuit when clow 
to the resonance setting. 
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MISCELLANEOUS MEASUREMENTS AND DATA 

Special methods belong to this chapter. Procedures described in the 
various chapters are used and, as with many high-frequency determina¬ 
tions, a method which may work well in one case may not be at all suitable 
for another, since the order of the magnitude of the quantity to be deter¬ 
mined and the range of frequency play an important part. In the case 
of grounds, the experimenter must 
use his own judgment. For many ? 
high-frequency measurements a line sup- 1 
plying the high-frequency power must be f 
balanced and grounded at a proper point. | 

216. Notes on Tests on Special Indi- Vj 
cators.— M o d e r n research activities 
require tests on such apparatus as the 
photoelectric cell, Kerr cell, and Neon 
tubes. Experiments on frequency 
characteristics especially are of import¬ 
ance. For Kerr cell work reference is Fig - 368.~-Effects in a Kerr ceil 

* i _, , ... system (polarizer P and analyzer A 

made to Fig. 368. A discussion with an are crossed by 90 deg and form with 

extended list of references is also given the electric field of the Kerr eon- 
„ _ ' denser an angle of 45 deg). 

by J. W. Beams. 1 

For maximum effect, the plane of the nicol P (the polarizer) is so oriented that the 
plane of vibration of the light passing through the Kerr condenser K makes an angle 
of 45 deg. Hence, if the nicol A (the analyzer) is crossed with respect to P, no light 
roaches the photoelectric cell if no voltage acts across the Kerr cell which is a condenser 
submerged, for instance, in a liquid of carbon disulphide. But as soon as a voltage 
acts across K, the carbon disulphide solution becomes double refracting and the com¬ 
ponent of the light, vibrating parallel to the electric lines of force, must then travel 
with a different velocity from that of the light which vibrates perpendicular to the 
lines of force. The result is that elliptically polarized light leaves the Kerr cell and 
a portion of it can bo transmitted through the analyser A to the photoelectric cell. 
For the refractive indexes ni and n 2 of the two beams, the difference <p in phase after 
emerging from K is v - 2rl(»i - n 2 )/X = 6.28JKS* if K is the Kerr constant l 
the length of the light path, 8 the electric-field intensity, and X the wave length 
of the light. If 7 and S denote the angles which the planes of vibration oi the 
propagated light of A and P make with the 8 lines, the light intensity emerging from 

Av&I mlt £cos» (7 - S) - sin 2 7 sin 28 sin‘|] if h is a constant, and if A is crossed 

with respect to P and the plane of transmission makes an angle of 45 deg with^h® 

1 Hev, Sci . Instruments , 1, 780, 1930. 
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8 lines / « k sin 2 - =* k sin 2 ( 7 dK&) if u-ZKS 2 is in radians. By differentiating this, 

dl/d£> = 6.28fc KIZ sin (2?is obtained. This means that the rate of change of 
light intensity varies with 8 in such a way that a small alternating voltage e, when 
superimposed on a steady voltage E as in Fig, 368, can operate the Kerr cell. In this 
way the light may be interrupted up to 10 9 times/sec. 


217. Cathode-ray Tube for Visualizing Atmospheric Disturbances.— 

g The method of Fig. 369 has been used by E, V. 

Appleton, Watson Watt, and J. F. Herd. 1 The 
resistance R makes the receiving antenna 
j aperiodic in order to avoid distortion of the 

^ induced voltage due to atmospheric disturbances. 

a A A Only straight resistance-coupled amplifiers can 
^ 'Va j be used to obtain the true picture of statics (indi- 
cated times give only the approximate order for 
Fig. 369—study of statics. guc k disturbances). Generally the cathode-ray 
tube is connected directly, as in Fig. 369. 

218. Determination of Impedance, Reactance, and Resistance of 
Different Networks. —In the method of Fig. 370, the unknown impedance 
Zx is connected in series with the standard resistances i?i and R 2 which 
are alike and variable, so that, as Ri is cut in, R 2 is cut out by the same 
amount. The switch $ is at first connected on 1 and the current of desired 
frequency varied until a suitable deflection d is noted on the vacuum-tube 


/ 2 



Fig. 370 .—De- Fig. 371.—Determination of a re¬ 
termination of im- actance. 

pedance. 


voltmeter. The switch is connected on 2 and the interlocked sliders 
Si, $2 are moved toward the right until the same deflection d is obtained. 
If R x denotes the setting of the resistance to the left, Z x = II x ohms. 
If much larger impendances Z„ are to be determined, a calibrated tube 
voltmeter is used and the voltages E z = IZ X and E x = IR X noted for S 
on 1 and 2, respectively, and the impedance computed from Z m ~ 
R\ExfEi- Figure 371 shows the method which can be used to determine 
the reactance X and resistance R of a filter or any other load. The 
measurement is carried on over the desired frequency band. It uses a 
tube generator which is powerful enough so that its frequency is unaffected 
when the measuring system is tuned. Terminals 1 and 2 are connected 
l Broc. Roy. Soc. (London), A, 103 , 84, 1923. 





MISCELLANEOUS MEASUREMENTS AND DATA 


437 


on 3 and 4 and L and C s varied with R s set at zero until the resonance 
current 7 flows. If Xi denotes the reactance l/(aA) of C s = Ci, X 0 the 
reactance of the remainder of the system to the left of terminals 1 and 2, 
and X the reactance due to the test sample, X Q + X — Xi = 0 where X 
may be negative or positive. If i? 0 denotes the effective resistance of the 
system to the left of terminals 1 and 2 and R that of the filter, i? 0 + R 
denotes the total circuit resistance and I[Rq + R] — E the driving 
voltage producing the resonance current 7. Terminals 1 and 2 are now 
connected on the short 5 and 6 and C s is varied to some other value C 2 , until 
resonance current flows. The standard resistance is gradually cut in 
until for a setting R s the same resonance current 7 occurs. If the driving 
voltage E is the same as for the first determination I[Rq + R s ] = E and 
R a expresses the resistance of the test sample directly. If X 2 denotes the 
reactance 1 /(<aC 2 ), the result is X 0 — X 2 = 0. From this X 0 = X 2 and 
if inserted in the reactance expression for the first determination, the 
reactance of the test sample is formed from 


X = Xi - X 2 


1 

coC x 


1 

uC; 



Fig. 


372.—Determination of 
aetance and resistance. 


The reactance X and effective resistance R can also be measured by means 
of ohe differential method of Fig. 372. A variable inductance L s , or a 
variable condenser C \, is used as the 
reactive variable standard, depending upon 
whether X is positive (inductive) or nega¬ 
tive (capacitive). The differential bridge 
is then balanced by means of the standard 
reactance *X* and R s and the setting of X s 
and R s gives R and X directly. If the 
reactance X to be determined is either 
too large or too small, a suitable known 
reactance X 0 is connected either in series with X 8 or in series with 
the test sample, whichever makes a balance possible, and the value of Xo 
is taken into account in the final result. If the frequency characteristics 
of ordinary receiving apparatus (also receiving filters) are to be taken, it 
seems more convenient to apply a constant voltage of adjustable fre¬ 
quency to the input and observe by means of a tube voltmeter across the 
output terminals of the test sample to what extent the frequency varies 
the output voltage. 

219. Calibration of a Contact Rectifier.—Galena and other contact 
rectifiers are very convenient means for measuring small high-frequency 
currents. The calibration can be obtained by means of the method of 
Fig. 373. If d denotes the deflection of the indicator to be used in 
connection with the crystal rectifier 7 = Iof's/d where 7 0 is the effective 
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current reading of the high-frequency current. Since it can be assumed 
that I, for values of B up to 100 0, is proportional to the value of R, it is 
unnecessary to plot the calibration curves for many 
R values. For the calibration, R is chosen small, 
for instance, 1 ohm, and Jo and d are noted. The 
value of I is then found by the above formula. 

220. Derivations of Empirical Laws—The 
simplest laws are linear functions of the variable; 
others follow a square or some other law. A por¬ 
tion of an experimental curve can be expressed 
by an equation of the form 

y = a + bx + cx 2 + dx 3 + cx 4 + • • * ( 1 ) 

The quantities y and x are the corresponding ordinates and abscissas of 
the curve. Just as many points on the curve must be used as there are 
terms in the above equation. When the points chosen indicate the 
character of the curve, the equation will be sufficiently accurate. If the 
experimental characteristic can be determined with the abridged series 
y = a + bx + cx 2 , three points of coordinates ( 2 / 1 , Xi • * * 2 / 2 ? x 2 * * * 

Xd) are needed, and the constants a, 6, and c are found from the simul¬ 
taneous equations y x — a + bx i + cx i 2 ; y 2 = a + bx 2 + cx 2 2 ; 2/3 5=3 
a + bxz + cx 3 2 . 

Example.' —If an experimental characteristic is to be studied near the intersection 
with the ordinate axis, such points are used, for instance, as 2/1 = 0.6, x% » 0; 2/a 1888 
4.6, x-i ~ 1; and y 3 = 29.4, xz = 3 and 0.6 = a; 4.6 - a + b + c; 29.4 = a + 36 H~ 
9c, giving b ~ 1.2 and c =» 2.8, and the formula for this portion of the curve is y — 
0.6 + l*2a3 + 2.8.r 2 , from which it is noted that the square term of x has a great 
influence. 

If this is the case or the characteristic shows pronounced curvature, it is 
always advisable to consider at least three .terms in Eq. (1). 

For higher powers of x, the simultaneous equations are conveniently 
evaluated'by means of determinants. For instance, for five coordinate 
points) there is the system of equations 

Vi ~ a + bx x + cx 1 2 + dx 1 8 + exx 4 
y% = a + bx 2 + cx 2 2 + dx 2 3 + ex 2 4 


t/6 — a + bx 6 + c# 5 2 Hr dx 5 z + ex* 4 
with the corresponding determinants 


1 Xx X % 2 3i 3 Xi 4 


yi Xx Xx 2 Xx 8 Xx 4 

1 X 2 X2 2 X2 3 x 2 4 


2/2 X2 X2 2 X2 8 X2 4 

1 Xz X3 2 Xs S Xs A 

A«.= 

2/3 Xz Xz 2 Xz 3 Xz 4 

1 Xa Xi 2 XA 3 Xa A 


2/4 Xa Xa 2 Xa 3 XA 4 

1 X 5 X 5 2 x & 3 X 5 4 


2/6 *^6 X§ 2 Xft 3 Xz 4 



/ 


JTia. 373.—Calibration of a 
crystal rectifier. 
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1 y 1 Xi 2 xi 3 Xi 4 1 Xi 2/1 Xi 3 Xi 4 

1 2/2 X 2 2 X 2 3 X2 i 1 X2 2/2 X 2 3 X 2 4 

Aft = 1 2/3 *3 2 X 3 3 X 3 4 Ac = 111 2/3 S3 3 X 3 4 

1 2/4 x 4 2 x 4 3 X 4 4 1 x 4 2/4 Xi 3 Xi* 

1 2/6 x B 2 x 6 3 x 6 4 1 x 5 2 /b x 6 3 x 6 4 

1 *i Xi 2 j/i Xi 4 *i Xi 2 Xi 3 2/1 

1 x 2 X 2 2 ?/2 x 2 4 1 x 2 x 2 2 x 2 3 2/2 

A d = 1 x 3 x 3 2 2/s x 3 4 A e = 1 x 3 x 3 2 x 3 3 2/s 

1 X 4 X 4 2 2/4 X 4 4 1 X 4 X 4 2 X 4 3 2/4 

1 x& x 5 2 2/s x& 4 .1 x 6 x 6 2 x 6 3 2/6 

The constants a, b, c, d, and e of the final formula -> 
y = a + bx + cx 2 + dx 3 + ex 4 
are found from the relations 


7 A& 

; 6 = C 


Ac. j _ hd. _ Ae 
"A ’ _ "A ’ 6 ~ A 


The constants of the polynomial (1) can also be solved graphically. 
The equation y = a + bx + cx 2 may be modified by the addition of 
another term into y = a + bx + cx 2 + dx 3 . If the values of x are 
equidistant (points on the experimental curve chosen such that the 
difference between consecutive x readings is a constant), it is possible to 
prove the correctness of the assumption of the last equation. Let the 
constant difference in the values of x be 5. Then the successive differ¬ 
ences in the values of y are 

A y = [bs + cS 3 + dd 3 ] + [2cS + 3d5 3 ]x + 3d«x 2 
A 3 y = [2c5 2 T 6d5 3 ] 6dS 2 x 
A 3 y — 6dS 3 

Hence the plot (x, A hi) will approximate a straight line and the values of 
A 3 y are approximately constant. From the equation of the straight fine, 
the constants c and d may be determined and, writing the original equa¬ 
tion in the form y - cx 2 - dx 3 = a+ bx, the plot of (x, y cx ■ dx ) 
will approximate a straight line, from which the constants a and b may 

b ° TW^method can also be used in order to find out how many terms 
are needed in the polynomial (1). For instance for the points: 

~ .| 0 . 0 I 0 .2120.463 0.772 1.153 1.625 2.207 2.917 3.776 4.798 6.001 


0.00.2 0.4 0.6 0.8 1 


.0 1.2 1.4 1.6 18 2.0 


for which the values of x are chosen equidistant. There are the corre¬ 
sponding variable differences between consecutive y values 
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Ay = 0.212; 0.251; 0.309; 0.381; 0.472; 0.582; 0.710; 0.859; 1.002; and 

1.203 

and the consecutive differences between these values 
A *y = 0.039; 0.058; 0.072; 0.091; 0.110; 0.128; 0.149; 0.163; and 0.181 
and the consecutive differences between these values 

A a y = 0.019; 0.014; 0.019; 0.019; 0.018; 0.021; 0.014; and 0.018. 

Since the third differences are approximately constant and the plot 
(,r, A 2 ?/) about a straight line, ■ the series y = a + bx + cx 1 + dx 3 is 
sufficient. In this particular case a = 0, since the curve passes through 
the origin. 

Moreover, since the equation for a straight line is 

y = kX + A (3) 

for the slope k and the intercept A on the y-axis, more complicated char¬ 
acteristics can be written in the above form when certain transformations 
are used. This is brought out in Table XIV. 

The process is as follows: Plot y and x (for instance, voltage against 
current) on ordinary curve paper. If the experimental series gives a 
straight line, then there is the characteristic formula (1), which for the 
voltage-current case must pass through the origin, if Ohm’s law holds 
(y — ax). This is, for example, not true for an electron tube, since the 
characteristic is not a straight line and does not pass exactly through 
the origin because of the initial velocities of the electrons. When the 
characteristic is curved, either the process in Eq. (1) or the cases 2 to 
8 of Table XIV can be used. If all of these possibilities do not give 
approximately a straight line, the following approximation can be tried. 

log y - a + bx + cx 2 + dx 3 + ex i + ■ ■ • ( 4 ) 

If it is desirable to evaluate solution (6) with the natural logarithm 
log,, a table for the common logarithm (logio = log) can be used with 
the transformation 

log, N = 2.3026 logio N 


Examplm: 

1. An experimental investigation gave the following values: 



1 

2 

3 

4 

5 

6 

8 

9 

V .. 

3 

4.25 

j 5.21 

6 

6.75 

| 7.4 

8.55 

9 j 


The plot on ordinary cross-sectional paper appears regularly curved. A trial with 
case 5 of Table XIV gives 
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15 3 

portion of the curve m then K «• -y? + 42.48, 

3. With the grid potential of an ekwtren tube equal to *«»rn, the following vahn* 

for the anode current f P and anode S p were noted: 


M Pl volt.... | 

50 

urn 

i 

I 

1 

! 1 

f Pt m&.. 


j 2.3 ! 

7., 5 | 

m ft i «3 j n s 


The curve with t p m abeoiMa and M f m ordinate'fa* the wt4bknown fMwrcn when 
drawn on ordinary orom-wcUonal paper, white it. i*» praetteally n mtmighl tin* m 

logarithm paper. By mean* of the latter, the mprwrt»»n 

J„ « 321/ » 

i» obtained. Since it is of more practical importance to haw t f m* f*»«etk» *rf #„ 

this can be obtained from table 


log !*■ .j 

cutset 

1 

ci ill 
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' I 7W» 1 

i m 

log R f .j 

lfl» 1 
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! 2 301 

} g 1 
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Tf the lower portion of the curve i* considered, for the monfiiuite point, b e l o nging to 

It, there is 

0.388 - i.flMg + teg a) that te, <j •» I .Tils k« m • -2.M« 

0.874 - 2? + log a i „ . o.oflSfi 


with the equation 


/»** o m«7s// "» 
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For the upper portion of the characteristic, 

1.799 = 2.477g + log a| that is ’ 2 = 1,96; log 0 = _3 - 061 ; a = 0.000869 
I v = 0.000869E P 196 

4. The graphic representation of an experimental series gives practically a straight 
line if x is plotted as abscissa and log y as ordinate. Hence case (6) of Table XIV. 
The characteristic coordinates are log yi - 0.845; xi = 3.892 and log = 0.623; 
x% ■* 2.87. Since 

(log y) = 0.4343## -f log a 
there are the simultaneous equations 


0.845 

0.623 


- 0.4343 • 3.892# + log a) 
0.4343 • 2.87# + log a\ 


that is, # — 0.49; log a — 0.019; a = 1.0278. 


and the empirical formula 


y = 1.0278e 0,49; 
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Tabus XVI. Ami-uwatiim* Rki.atto* tir I’owkk Ratio Pt/Pi to TU (db) 
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Tabus XVI.— AupuncATioN RnutioN m Powmt Ratto /*»//*, to Til (6b). 
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To odd to ruuc* multiply Pt/Pi X 10 *»d *dd 10 to TV, 










MISCELLANEOUS MEASUREMENTS AND DATA 


447 


Table XVII. —Amplification Relation of Voltage Ratio Ez/Ei to TU (db) 
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8.82 
9.13 
9.43 

9.71 

9.99 

10.26 

10.53 

10.78 

11.03 

11.27 

11.50 
11.73 
11.95 


13.16 

13.35 

13.53 

13.72 
13.90 

14.07 

14.24 

14.40 

14.67 

14.73 


12.17 
12.38 
12 . 59 ' 
12,79 
12,99 

13.18 
13.37 
13.55 

13.73 
13.91 

14.08 

14.25 

14.41 

14.58 

14.74 


0.59 

1.36 

2.08 

2.73 

3.35 

3.92 

4.45 

4,96 

5.44 

5.89 

6.32 

6.73 

7.12 

7.50 

7.85 

8.20 

8.53 

8.85 
9.16 
9.46 

9,74 

10.02 

10.29 
10.55 
10.81 

11.05 

11.29 

11.53 
11.75 
11.97 

12.19 

12.40 

12.61 

12.81 

13.01 


0.67 

1.44 

2.14 

2.80 

3.41 

3.97 

4.51 

5.01 

5.48 

5.93 

6.36 

6.77 

7.16 

7.53 

7.89 

8.23 

< 8.56 

8.88 

9.19 

9.48 

9.77 

10.05 

10.31 
10.58 
10.83 

11.08 

11.32 
11.55 
11.78 
12.00 


0.75 

1.51 

2.21 

2.86 

3.46 


1.0 

1.1 

1.2 

1.3 

1.4 


13.20 

13.39 

13.57 

13.75 
13.93 

14.10 

14.27 

14.44 

14.60 

14.76 


4.03 

1.5 

4.56 

1.6 

5.06 

1.7 

5.53 

1.8 

5.98 

1.9 

6.40 

2.0 

6.81 

2.1 

7.20 

2.2 

7.57 

2.3 

7.92 

2.4 

8.27 

2.5 

8.60 



12.21 

12.42 

12.63 

12.83 

13.02 

13.21 

13.41 

13.59 

13.77 
13.95 

14,12 

14.29 

14.45 

14.62 

14.78 


8.91 

9.22 

9.51 

9.80 
10.08 

10.34 
10.60 
10.86 

11.10 

11.34 
11.57 

11.80 
12.02 

12.23 
12.44 
12.65 
12.85 
13.05 

13.23 
13.42 
13.61 

13.79 
13.97 

14.13 

14,30 

14.46 

14.63 

14.79 


2.7 

2.8 

2.9 

3.0 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

3.8 

3.9 

4.0 

4.1 

4.2 

4.3 

4.4 

4.5 

4.6 

4.7 

4.8 

4.9 

5.0 

5.1 

5.2 

5.3 

5.4 


m/m 


0,01 


0,02 


0.03 


0.04 


0.05 


0.06 0.07 


0.08 


o , q 9 m/m 
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Tab lb XVII.™AMPuncATitm Relation op Vowao* Ratio £*/£* to Tt! (db). 


Bt/Mi j 

.| 

0,01 | 

0,08 J 

0.06 | 


0.05 j 

o m \ 

0 m 1 

i 

" T 

ii m ; 

tt ¥#44 

Mt/M, 

5,6 

U.6! 

14.88 

14.86 1 

14, IB i; 

U K? j 

tot ] 

h m | 

14 98 ] 

14 m ] 

S4 96 1 

5 5 

6,6 

14,96 

14.98 

14.99 

18,01 

15.06 

15 04 

18 06 | 

10 07 j 

I I 09 i 

Ii 11 

6,6 

6,7 

6,3 

6,9 

15,12 

is, m 

15.42 

15.13 
15,28 
15,43 | 

15,15 I 
10,80 
16.45 

16,16 | 
16.61 

16,46 

18, It 
16,68 
18.48 

15 li 1 
M M | 
15 49 j 

10 il 

m 86 : 
16.61 

ii in 

16 31 1 
II W j 

si n | 
ii m 1 
16 66 j 

1 

16.36 
li 40 
16.66 

If 

6.1 

5 6 

6,0 

15,60 

15.68 

15,69 

16.61 

16.68 

15 66 1 

15 66 

tft 66 1 

il ftii ) 

li 69 

0 0 

6,1 

15,71 

16,72 

15,78 

18.75 | 

18-76 

ll.fi 

ii n 

10 Hi j 

n m | 

IS Si 

0 1 

6.2 

6.3 

6.4 

10.80 

10.00 

10,12 

10,80 

16.00 

16.14 

15,87 
16,01 
16.18 ! 

16,89 

16.09 

16,11 j 

16.90 

m m ! 
16.18 

li m I 
m m l 
m it i 

10 66 
is of j 
it ii 1 

i 

«6 96 j 
li 08 1 
Si fi 

Ii 96 : 
IS |0 j 
IS il j 

li if 

1# 11 

16 fi 

it 

6.3 

% 4 

0,6 

10.20 

10,27 

16,88 

I 

16,89 I 

16-81 1 

16.68 

16 84 j 

S€ 66 

li 66 1 

IS 68 

% I 

0,0 

16,80 

16.40 

16.41 

16.46 j 

16,44 1 

li 45 

ii 47 

si m 

is m 

ii ii 

6.6 

0.7 

6.8 

0,9 

7.0 

7 A 

16.68 

16.06 

10,78 

10.00 

17.08 

10,63 

16,66 

10,70 

16.91 

17,04 

16.68 

16.68 

16.80 

16.96 

17.06 

WM 
16,69 
16.81 | 

16.94 
IT. 06 ! 

16J7 j 
16, ft* I 
10, 88 j 

16,98 1 
17,07 

16 69 i 
If) ft | 
16.84 ; 

16.96 ; 
If 09 ! 

t« 60 : 
li 78 
16 86 : 

Si 96 
H: 10 

Si ii j 
Si.74 1 

16 m j 

Si 86 I 
1? il j 

m m 

li ft I 
16 97 

If .00 
17.19 

li m 
16,76 
28 §§ 

1? 01 

17 Ii ! 

0:1 

66 

6.9 

7 0 
f\t 

7,2 

17,16 

17,16 

17,17 

17,16 

lf.lt 

17 St 

If fi 

if.ii 

17 m 

if il 

7,1 

7.3 

17,97 

17,28 

17,89 

17.60 ! 

17.81 

17.66 

if m 

if m 

If 66 

if if 

76 

7,4 

17,88 

17.40 

17,41 

17,43 

11,44 

17,44 

I? .44 

If .48 

17,48 | 

if 49 

7,4 

7.0 

17.50 

17,81 

17,61 

17,64 ! 

17,66 

if 66 

IT..*? 

IT. Ml 

If to 

I T ®0 

7,1 

7,0 

17.68 

,17,68 

17.64 ! 

17.60 

17,66 

if if 

If m 

17.70 

17,71 

If ft 

76 

7.7 

17,75 

17,74 

17,78 

H\7t 

17,77 

17.79 

17,60 

If SI 

ii m 

it m 

f.f 

7.6 

17,84 

17/J 

17.86 

17,17 

27,88 

IT m 

17,81 

it m 

if m 

if m 

7,1 

7.9 i 

17.05 

17.00 

17.97 

11,0® 

mm | 

18.01 

18,81 j 

1 18.08 

18.04 

ii 08 

76 

3.0 

18,00 

18,07 

18,08 

11,01 

till 1 

li, it 

16.21 1 

II U 

18.18 ! 

is it 

16 

6.1 

18,17 ! 

18.18 

18,10 

18.80 

18.81 i 

m m 

it m \ 

28.84 

: i«,t§ 1 

i ii, if 

i i 

6.8 

18,18 

18.89 

is. m 

18.81 

18.88 ! 

18,68 

ii ..14 j 

18 88 

! «s m j 

! 18.-87 

§j 

3,3 

18,38 

18.89 

18,40 

18.41 

18,68 j 

18,46 ! 

11.44 1 

is m 

18.48 

IS 41 ! 

96 

8.4 

18.49 

18,60 

18,51 

iiJi 

18.86 1 

18,64 j 

li ii j 

18,88 

i s if 

18.69 : 

S A 

8.0 

,18,69 

18.00 

18.61 

18.68 

m.M 

18-64 1 

ii.il! 

is m 

is if 

is m 

S,i 

8.0 

18.69 

28.70 

18.71 

18.78 

ti.fi 

18,74 

18.76 : 

16:78 

is n 

IS 78 

16 

8.7 

18.79 

18-.80 

18.81 

lft.68 

m,M 

18.64 

li m 

is m 

m m 1 

ii in 

■§,? 

8.8 

18,1® 

IS J0 

18.91 

18.98 

18,88 

28,94 

m.m 

IS ,98 ; 

it or! 

is m 

l,S 

8,0 

18,00 

19,00 

10.01 

19.08 

19.06 

19,04 

mm 

m.m \ 

19,08 ; 

m.m 

86 

9,0 

19,08 

19,08 

10.10 

19.11 

19.11 

It li 

mu 

19,16 1 

10.18 1 

it. if 

§,§ 

9.1 

19.18 

10,19 

10/20 

19.91 

19,98 

it m 

19 14 

it il j 

If 86 ‘ 

it $f 

8.1 

0,2 

19.88 

19.99 

19,99 

io.it) 

19.81 

it ii 

19.68 

Si 64 

if m 

it m 

66 

0,8 

10.87 

10,31 

19,89 

19.40 

10.4! 

19.48 

it m 

If .41 

Ii 44 

19,48 

96 

0,4 

10.40 

10,47 

19,41 

It, 49 

If..60 

It 51 

it m 

i ii u 

li 84 

16,66 

9.6 

0,5 

19.66 

HI 50 

19 57 

10511 

I 1 9.6® 

1 19.60 

19,81 

mm 

it m 

to m 

96 

0,6 

19.05 

19.66 

m.m 

19,57 

j if m 

1 ii it 

1 If TO 

It 71 

it Tt 

m n 

i i 

9.7 

19.74 

19,74 

19 70 

19.76 

] 19 77 

19.78 I If 79 

it m 

it si 

It 61 

9,7 

0,8 

0,0 

10.0 

19,80 

10,01 

20.00 

19.86 

19,91 

80.00 

19,84 

19.96 

80.17 

; 10,55 
19.94 

j 80.86 

! 19.66 
j ft 96 

mm 

| 19.87 
j ii m 

| 80.48 

19-66 
’ 19.97 

80,61 

li 89 
j 19,97 

S m m 

m m 
mm 

m, if 

19 90 
18.68 

80.76 

9.8 

96 

Bt/Mi 


j 0,01 

0,08 

j 0 03 

j 0 04 

! 0.06 
L. . 

9W 

| o.or 

1 0 06 

i 

1 § 09 

j #*/t* 


To add to rang® multiply Mt/Mi X 10 nod add 80 to IT, (MommOnI p*m Oil 1 












m Metises 

■ave length gives 


1 ko/Mtt 

1 t»r m 

m or 

1 ,K10 

108,0 

l ,820 

104.7 

| 1,830 

108.8 

1 

1,840 

1024) 

1 

1,880 

102.1 

| 

1,880 

101,2 

| 

1,870 

100.3 

s 

1 ,880 

180,5 

1 

l ,800 

168.0 

It 1,000 

187,8 

1 1,010 

187,0 

11 1,080 

180.2 

1 S 1*930 

155,8 

■ 


184,8 

1 

1,080 

i 188,1 


1,000 

158,0 

8 

1,070 

188,2 

0 

1,080 

181.4 

7 

1,000 

180,7 

4 

2,000 

140,0 

8 

1,010 

149 .J 

0 

1/030 

14$ ,4 

$ 1 8,080 

147,7 

0 

1 2,040 

147,0 

4 

! 2,080 

141! J 


U 
■ l) 
H 
7 


,73J 
.72 J 
irij 

170,4 

‘".4 

„»4 


1,080 

2,070 

2,010 

f,000 

ivioo 

i,U0 
24*20 
4. ISO 
1440 
8480 

i4«o 

•4W 

2480 

f,W 

ijoo 

t ,210 

$>mo 

%,m 

8,230 


148,3 
144 & 

144.1 

lit, 8 

148.1 ' 

1424 
ML 4 
140,8 
1404 
130 4 

itr.-i 
' iit,4 
1874 
130,0 
13CU 

Whf 
1384 
■ 134*4 


07,8 

k 6M 
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HIGH-FREQUENCY MEASUREMENTS 


Tabus XVIII.—Kilocycles per Second and Wave Length’ in Meters.— 

( Continued ) 


kc/seo 
or m 

m or 
kc/sec 

kc/seo 
or m 

m or 
kc/sec 

kc/seo 
or in 

m or 
kc/sec 

ko/sec 
or m 

m or 
kc/sec 

kc/seo 
or m 

m or 
ko/sec 

2,260 

132.7 

2,710 

110.6 

3,160 

94.88 

3,610 

83.05 

4,060 

73.86 

2,270 

132.1 

2,720 

110.2 

3,170 

94.58 

3,620 

82.82 

4,070 

73.67 

2,280 

131.5 

2,730 

109.8 

3,180 

94.28 

3,630 

82.60 

4,080 

73.49 

2,290 

130.9 

2,740 

109.4 

3,190 

93.90 

3,640 

82.37 

4,090 

73.31 

2,300 

130.4 

2,750 

109.0 

3,200 

93.69 

3,650 

82.14 

4,100 

73.13 

2,310 

129,8 

2,760 

108.6 

3,210 

93.40 

3,660 

81.92 

4,110 

72.95 

2,320 

129.2 

2,770 

108.2 

3,220 

93.11 

3,670 

81.70 

4,120 

72.77 

2,330 

128.7 

2,780 

107.8 

3,230 

92.82 

3,680 

81.47 

4,130 

72.00 

2,340 

128.1 

2,790 

107.5 

3,240 

92.54 

3,690 

81.25 

4,140 

72.42 

2,350 

127.6 

2,800 

107.1 

3,250 

92.25 

3,700 

81.03 

4,150 

72.25 

2,360 

127.0 

2,810 

106.7 

3,260 

91.97 

3,710 

80.81 

4,160 

72.07 

.2,370 

126.5 

2,820 

106.3 

3,270 

91.69 

3,720 

80.60 

4,170 

71.90 

2,380 

126.0 

2,830 

105.9 

3,280 

91.41 

3,730 

80.38 

4,180 

71,73 

2,390 

125.4 

2,840 

105.6 

3,290 

91.13 

3,740 

80.17 

4,190 

71.56 

2,400 

124,9 

2,850 

105.2 

3,300 

90.86 

3,750 

79.95 

4,200 

71.39 

2,410 

124.4 

2,860 

104.8 

3,310 

90.58 

3,760 

79.74 

4,210 

71.22 

2,420 

123.9 

2,870 

104.5 

3,320 

90 .*31 

3,770 

79.53 

4,220 

71.05 

2,430 

123.4 

2,880 

104.1 

3,330 

90.04 

3,780 

79.32 

4,230 

70.88 

2,440 

122.9 

2,890 

103.7 

3,340 

89.77 

3,790 

79.11 

4,240 

70.71 

2,450 

122.4 

2,900 

103.4 

3,350 

89.50 

3,800 

78.00 

4,250 

70,55 

2,460 

121.9 

2,910 

103.0 

3,360 

89.23 

3,810 

78,69 

4,260 

70.38 

2,470 

121.4 

2,920 

102.7 

3,370 

88.97 

3,820 

78.49 

4,270 

70.22 

2,480 

120.9 

2,930 

102.3 

3,380 

88.70 

3,830 

78.28 

4,280 

70.05 

2,490 

120.4 

2,940 

102.0 

3,390 

88.44 

3,840 

78,08 

4,290 

69.80 

2,500 

119.9 

2,950 

101.6 

3,400 

88.18 

3,850 

77.88 

4,300 

69.73 

2,610 

119.5 

2,960 

101.3 

3,410 

87.02 

3,860 

77,67 

4,310 

69.66 

2,520 

119.0 

2,970 

100.9 

3,420 

87.67 

3,870 

77.47 

4,320 

69.40 

2,530 

118.5 

2,980 

100.6 

3,430 

87.41 

3,880 

77.27 

4,330 

69.24 

2,540 

118.0 

•2,990 

100.3 

3,440 

87.16 

3,890 * 

77.07 

4,340 

69.08 

2,550 

117.6 

3,000 

99.94 

3,450 

86.90 

3,000 

76.88 

4,350 

68.92 

2,560 

117.1 

3,010 

99.61 

3,460 

86.65 

3,910 

76.68 

4,360 

68.77 

2,570 

116.7 

3,020 

99.28 

3,470 

86.40 

3,920 

76.48 

4,370 

68.01 

2,580 

116.2 

3,030 

98.95 

3,480 

86.16 

3,930 

76.29 

4,380 

68.45 

2,590 

115.8 

3,040 

98.62 

3,490 

85.91 

3,940 

76,10 

4,390 

68.30 

2,600 

115.3 

3,050 

98.30 

3,500 

85,66 

3,950 

75.90 

4,400 

68,14 

2,610 

114.9 

3,060 

97.98 

3,510 

85,42 

3,960 

75.71 

4,410 

67.99 

2,620 

114.4 

3,070 

97.66 

3,520 

85.18 

3,970 

75.52 

4,420 

67.83 

2,630 

114.0 

3,080 

97.34 

3,530 

84.94 

3,980 

75.33 

4,430 

67.68 

2,640 

113.6 

3,090 

97.03 

3,540 

84.70 

3,990 

75.14 

4,440 

67.53 

2,660 

113.1 

3,100 

96.72 

3,550 

84.46 

4,000 

74.06 

4,450 

07.38 

2,660 

112.7 

3,110 

96.41 

3,560 

84.22 

4,010 

74,77 

4,460 

07.22 

2,670 

112.3 

3,120 

96,10 

3,570 

83.98 

4,020 

74.58 

4,470 

07.07 

2,680 

111.9 

3,130 

95.79 

3,580 

83.75 

4,030 

74.40 

4,480 

66.92 

2,690 

111.6 

3,140 

95.48 

3,590 

83.52 

4,040 

74.21 

4,490 

66.78 

2,700 

111.0 

3,150 

95.18 

3,600 

83.28 

4,050 

74.03 

4,500 

66.03 
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Table XVIII.— Kilocycles per Second and Wave Length in Meters.— 

(Continued) 


kc/seo 
or m 

m or 
ko/seo 

ko/seo 
or m 

m or 
ko/seo 

kc/seo 
or m 

m or 
kc/seo 

ko/seo 
or m 

m or 
kc/seo 

ko/seo 
or m 

m or 
ko/sec 

4,610 

66.48 

4,960 

60,45 

5,410 

55.42 

5,860 

51.16 

6,310 

47.52 

4,620 

66.33 

4,970 

60.33 

5,420 

55.32 

5,870 

51.08 

6,320 

47.44 

4,630 

66.19 

4,980 

60.20 

5,430 

55.22 

5,880 

50.99 

6,330 

47.36 

4,640 

66.04 

4,990 

60.08 

5,440 

55.11 

5,890 

50.90 

6,340 

47.29 

4,660 

65.89 

5,000 

59.96 

5,450 

55.01 

5,900 

50.82 

6,350 

47.22 

4,660 

66.76 

5,010 

59.84 

5,460 

54.91 

6,910 

50.73 

6,360 

47.14 

4,670 

66.61 

5,020 

59.73 

5,470 

54.81 

5,920 

50.65 

6,370 

47.07 

4,680 

66.46 

5,030 

59.61 

5,480 

54.71 

5,930 

50.56 

6,380 

46.99 

4,690 

66.32 

6,040 

59.49 

5,490 

54.61 

5,940 

50.47 

6,390 

46.92 

4,600 

66.18 

5,050 

59.37 

5,500 

54.51 

5,950 

50.39 

6,400 

46.85 

4,610 

65,04 

5,060 

59.25 

5,510 

54.41 

5,960 

50.31 

6,410 

46.77 

4,620 

64.90 

5,070 

59.13 

5,520 

54,32 

6,970 

50.22 

6,420 

46.70 

4,630 

64.76 

5,080 

59.02 

5,530 

54,22 

5,980 

50.14 

6,430 

46.03 

4 r 640 

64.62 

5,090 

58.90 

5,540 

54.12 

5,990 

50.Q5 

6,440 

40.56 

4,660 

64.48 

5,100 

58.79 

5,550 

54.02 

6,000 

49.97 

6,450 

40.48 

4,660 

64.34 

5,110 

58.67 

5,560 

53.92 

6,010' 

49.89 

6,460 

46.41 

4,670 

64.20 

5,120 

58.56 

5,570 

53.83 

6,020 

49.80 

6,470 

40.34 

4,680 

64.06 

5,130 

58.44 

5,580 

53.73 

6,030 

49.72 

6,480 

46.27 

4,690 

63.93 

5,140 

58.33 

5,590 

53.64 

6,040 

49,64 

6,490 

46.20 

4,700 

63.79 

5,150 

58.22 

5,600 

53.54 

6,050 

49.56 

6,500 

46.13 

4,710 

63.66 

6,160 

58,10 

5,610 

53.44 

0,060 

49,48 

6,510 

46.06 

4,720 

63.52 

5,170 

57.99 

5,020 

53.35 

6,070 

49,39 

6,520 

45.98 

4,730 

63.39 

5,180 

57.88 

5,630 

53,25 

0,080 

49.31 

6,530 

45.91 

4,740 

63.25 

5,190 

57,77 

5,640 

53.16 

6,090 

49.23 

6,540 

45.84 

4,760 

63.12 

5,200 

57.66 

5,650 

53.07 

6,100 

49.15 

6,550 

45,77 

4,760 

62.99 

5,210 

57.55 

5,660 

52.97 

6,110 

40.07 

6,560 

45.70 

4,770 

62.86 

5,220 

67.44 

5,670 

52.88 

6,120 

48.99 

6,570 

45.63 

4,780 

62.72 

5,230 

57.33 

5,080 

52,79 

0,130 

48,91 

6,580 

45.57 

4,790 

62.59 

5,240 

57.22 

5,690 

52.69 

0,140 

48.83 

6,590 

45.50 

4,800 

62.46 

5,250 

57.11 

5,700 

52.00 

0,150 

48.75 

6,600 

45.43 

4,810 

62.83 

5,260 

57.00 

5,710 

62.51 

0,160 

48.67 

6,610 

45.36 

4,820 

62.20 

5,270 

56,89 

5,720 

52.42 

0,170 

48.59 

6,620 

45,29 

4,830 

62.07 

5,280 

56.78 

5,730 

52.32 

.0,480 

48.51 

6,630 

45,22 

4,840 

61.95 

5,290 

56.68 

5,740 

52.23 

6,190 

48.44 

6,640 

45.16 

4,860 

61.82 

5,300 

56.57 

5,750 

52.14 

6,200 

48,36 

6,650 

45.09 

4,860 

61.69 

5,310 

56.46 

5,760 

52.05 

0,210 

48.28 

6,660 

45.02 

4,870 

61.56 

5,820 

56.36 

5,770 

51.96 

0,220 

48.20 

' 6,670 

44,05 

4,880 

61.44 

5,330 

56,25 

5,780 

51,87 

6,230 

48,13 

; 6,680 

44.88 

4,890 

61.31 

5,340 

56.16 

6,790 

51.78 

0,240 

4fiT.05 

i 6,690 

44.82 

4,900 

61.19 

i 5,350 

56.04 

5,800 

51.69 

i 6,260 

47.97 

' 6,700 

44.75 

4,910 

01.06 

i 5,360 

55.94 

: 5,810 

51.60 

i 0,260 

47.8£ 

l 6,710 

44.68 

4,920 

60.94 

[ 5,370 

55.83 

i 5,820 

51.52 

! 6,270 

47,82 

! 0,720 

44.02 

4,930 

60.83 

! 5,380 

55.73 

t 5,830 

51.43 

: 6,280 

47.74 

t 6,730 

44.55 

4,940 

60.6£ 

) 5,390 

55.63 

l 5,840 

51.34 

t 6,290 

47.67 

r 0*740 

44.48 

4,960 

60. Gl 

r 5,400 

55,5$ 

5 5,850 

51.2* 

> 0,300 

47.5£ 

) 0,750 

44.42 
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Tabus 


kO/MNS 
ar m 


0.700 

fl.770 

0,780 

0,700 

0,800 

0,810 

0,820 

8.880 

0,840 

0,800 

6.880 

0,870 

8.880 

0,800 

8.000 

0,010 

0,920 

8.980 
8,040 

6.980 

0.9(10 
8.970 
0,980 
0,990 
7 * 000 

7,010 

7,020 

7,080 

7,040 

7,080 

7,000 

7,070 

7,080 

7,000 

7,100 

7,110 

7,120 

7,180 

7,140 

7,180 

7,180 

7,170 

7,180 

7,100 

7,200 


UIGH-FRRQUBNGV MSASVHBMKXTS 


XVIII.—Kilocycum i*bk Hkjono and Wav* Lbnuth in Mrr*m. 
(CorUmmti) 



mm j 

m m 

m j 

| 

« , 'mm 


as ta 
m m 
u m 

84.90 
84 m 

m m 
m.m 

U ..74 
84.70 
114 88 

84 88 
84 88 
MM 

m m 

•4.48 

24.41 

84.88 

MM 

m,m 

m,m 

MM 
84 It 
M 41 

84.11 

MM 

m m 

88.99 

mm 

m.m 

m.m 


42,47* 
42.41 
41.381 
42.298 
42,III 

43.17 

48.11 

42.0f> 

41,09 

41.03 

41.871 
41.831 
41,701 
41,701 
41.641 


7,810 

7,620 

7.880 

7,640 

7.880 

7,600 

7,670 

7.6H0 

7,600 

7,800 


m 02 ;, 
m,m 
m.m 

89,78 
30 71 

80 M 

89,81 

89,88 

39.60 

30,46 

30 40 
30 3ft 
39-.39 
30.24 
30.19 


mM 

87.88 
if, m 
8f m 

m.m 
mm 
« 14 

87.89 
87,24 

if, 20 
if. IS 
if.il 
•7.08 
if .01 


8.410 

0.410 

8,400 

8.440 

8.480 

8.480 
8.470 
8*480 
8.490 

i.aoo 

».»io 
8.880 
n>m 

8.840 
8. M0 


7, #00 

7,970 

7.080 
7,990 ■ 
8,000 : 

8,010 

1,020 

8,080 

8,040 

8.080 

8.080 

8.070 

a.oao 

8,000 

8. tOO 


ii si 

m.m 

mM 

mM 

M.48 


8.880 

8,810 

8.880 

8.890 

8,000 


US 44 
ii 40 
milt 
88 it 

m m 


8.910 ) 

8,999 j 
8.990 
8.940 
8.830 


88 ii 

88 . 19 ! 

Ii IS 

88.11 
88.071 


i,#S0 
8,970 
8. M0 
8,000 
f ..000 


88.84 

m.m 

ii.fi 

ii ft 

m m 

88.88 
88.91 
ii if 

88.84 
ti 80 

ii 48 
88.48 
88 .88 
88.88 
89.81 


7.610 

7,020" 

7.880 
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Tam.r XVIII. KiWirvn.tui re» Hkcuxii *nii Wave I.enuth in Mktehh. 

' I ‘iinliiiunl) 


kr i 

m »*r 

| 

|l if? *»w 

m *»r ? 

s 

h* M*#* • 

l»* Hf 

, ! 

| kaaiw | 

m up 

k«/M*© 

in «»r 

Mf «1 

Ss,** *#•* 


*W «l 

Sm mhp 

: 

* if m ; 

kr.»tw | i*t in f 

k0/(MK* 

or m 

kn/iMo 

«MH« .. 

an 

i* 

ii.'iiii 

if m 

9.4i« ' 

M 

I 

hiv{ m-.nii* : 

31.30 

9.HK* 

30.80 

O.IMO 

31 


«. w 

m m 

II 

IIS 

Hit tt. lifts 

3! 17 

Ii. H20 

30 53 

IMKW1 

a;i 


ii 8 mi* 

*3 1*4 

0.4*0 

M 

71*1 ii. nao 

it ii 

B.08O 

30, no 

9 .040 ' 

:a 

•- 

41 


0.44U ; 

m 

7nj i* mo 

at m 

9 , 040 

80.47 

t JIM 

*in 

1 :* 

». fAO 

if 41 

0.440 : 

*ii 

Til o. rtin 

it 07 

0,050 

80.44 

9,000 : 

m 


9 mm 

»* an 

0.4«0 i 

m 

mi p . niKi 

SI .04 

ii. 000 

30.41 

8,070 

m 

mi 

II. 3?«f 

If 14 

it 4io ; 

at 

ll« 1 1,070 

as 

VI, 070 

no. m 

o.onn ; 

m 

tit 

ts. ami 

III III 

0.4*0 ( 

■IIS 

mm i* not) 

30 ifj 

0. M K0 

80.38 

9.090 ' 

m 

‘.h 

ii .. fwi 

m n 

: 0.400 ! 

as 

1*. ooo 

30 041 

ii , mm 

30.83 

o.iwj ; 

wi 

0A» 

[ 9.mm 

If Si 

O.AOtl | 

m 

a*y 0,700 

| 30 1111 

II. VHKI 

80,38 

0,110 ] 

m 

«r: 

o urn ! 

it *0 

0 

m 

111 11.710 

j 80.881 

t,9SCI 

so, in 

»,s» j 

m 

w 

II ; 

if 17 

| 0.130 | 

at 

m 9 730 

j 8t» , m\ 

0.830 

30,33 

«j ip ' 

it 

m2 

0 » i 

I if Si 

o mo ; 

as 

4#lj 0.780 

l ao.osl 

0,030 

80,18 

0* 140 i 

la 

it* 

9 till | 

93 10 

0 140 1 

81 

ill 11.740 

! 30 781 

§,§40 

30.10 

uii j 

1 

m 

Tii 

| 0*140 

j m tit 

0,M0 j 

IS 

ail 0.780 

I 80,781 

8,840 

80,18 

1 

fjfiti j 

if 


• 0.100 

\ V rr.;< 

1 0,M0 1 

IS 

8*| 0.700 

j 80,781 

8,800 

80 10 

0,170 ) 

m 


: t no 

If III 

0 170 1 

ass 

fi»t 0.770 

! 80.08 

0,870 

80*07 

t ,\m ' 

m 


I 0.1M0 

! 81 00 

| o.aoo i 

as m o.7»o 

! 80,88 

8,000 

80*04 

• AW 

if 


. o n® 

j ii ii 

j 9.800 l 

it 

ffi 0,700 

■j 80,08 

8,880 

80*01 

9 300 ! 

tit 


; 0,400 

! ii oo 

i s.mi ! 

is 

»| ihmm 

1 

! 00-88 

| 

10,000 

mm 
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HIGH-FREQUBNC Y MMAH UBBMENTS 


Tabus XIX.—Fob Wav® Lsnwii, Fumimmn Ann OmtuMtm Comrm 
X m wave length in m 
X 9 » wave length squared 
/ « oyolit per seocmd 
CL « oscillation constant 
C « capacitance in microfarad 
L « inductance in centimeters <1000 cm * Iiih) 


X 

X 9 

/ 

V® 

w 

IDO 

10.000 

8.000.000 

1.68 

2.82 

no 

12,100 

2,727,272 : 

1.80 ! 

8 * 24 

120 

14,400 

2.800,000 

3.03 

4 m 

ISO 

16, IKK) 

2,807,606 

t, ib 

4.78 

140 

10,600 

2,142,606 

2 86 

8 52 

150 

22,500 

2,01X1,000 

%M 

«m 

160 

26,600 

1,874,800 

3.68 

7.10 

iro 

28,900 

1,764,606 | 

%M 

8,12 

ISO 

32,400 

1,000,000 

8.03 

3.13 

too 

86,100 

1,878,800 

ijf 

10.17 

200 

40,000 

1,800,000 

8.86 

11.29 

210 

44,100 

1,428,400 

%m 

12.30 

220 

48,400 

1,863,600 

3 00 

11 .63 

230 

62,900 

1,804,200 

8.86 

14 m 

240 

57,000 

» 1.380,000 

4. mi 

16.34 

250 

02,500 

1,300,000 

4.10 

17 88 

260 

67,600 

1,188,800 

4.36 

10 01 

270 

72,900 

1.111,000 

4.53 

mm 

280 

78,400 

1,071,800 

4.70 

aa.oo 

290 

84,100 


4.87 

m n 

300 

90,000 

1,000,000 

1 

5:91 

MM 

310 

96,100 

967,700 

6 m 

m .04 

320 

102,400 

937,400 

5.37 

38,84 

330 

108,900 

909,100 

6.64 

80.80 

340 

116,000 

m2 t m 

8. TCI ! 

If „ 40 

350 

122,500 

mum 

5 it 

14 40 

360 

129,000 

888,800 ! 

0:04 

Ml 4S 

870 

130,900 

810,800 ! 

i,f! 1 

88 H! 

380 

144,400 

789,400 

6.88 

m n 

890 

102,100 

780.300 

0 M 

42,77 

400 

160,000 

780,000 

0 71 

45 m 

410 

168,100 

731,700 

6.88 i 

47 33 

420 

170,400 

714,800 

7 06 1 

49 TO 

480 

184,900 

697,700 

7 ; 3i i 

OK 98 

440 

198,000 

681,800 

7.88 | 

84 46 

460 

202,500 

060,700 

7.85 ! 

87 00 

460 

211,000 

052/200 

7.78 

89 60 

470 

220,900 

688,800 

7 m i 

02,28 
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Taiu.b XIX.—*For Wavs L*n«th, Krmiumncy and Oscillation Conbtant.-- 

{CmUinmd) 


X 

1 

M i 

' J 

s/m 

w 

480 | 

230.400 | 

626,000 

8.05 

64.80 

m 

i 

740.100 ! 

612*200 

8,22 

07.57 

m i 

250.000 j 

i 

600.000 

8.39 

70.59 

510 

760.100 | 

888,200 

h , as 

73,27 

820 

270400 | 

576.900 

H,?2 

76.04 

580 

780.500 j 

555,000 

8,89 

70,03 

Bm 

201.800 J 

MB jm\ 

9,06 

82,08 

ISO 

802.500 j 

848.400 

9.23 

86,19 

500 

818,500 

585,700 

9,40 

EE, 30 

570 

834,900 

mum 

9,66 

91.59 

580 

888,400 

517,TO 

9.73 

04,07 

500 

845»100 

505,500 

9,90 

08,01 

I 

em i 

mm t mm 

500,000 

ID 07 

101,41 

SID 

872 ♦ 100 

491,500 

10.3# 

104,06 

m 

884.400 

483.900 

10 40 

108.15 

1130 

it®, 900 

476,TO 

10,57 

111.73 

545 

409 * SOD 

488.800 

10.74 

115,85 

650 

423.500 

451,500 

10,00 

118,81 

550 

435.600 

484,#00 

11,07 

133.84 

SKI 

SMI 

448.000 

an, ion 

447.800 
441.300 

11.34 

11,41 

126.84 

130,19 

500 

478,100 

434,800 

11.58 

184.10 

TO 

710 

TOO 

490,000 j 
804.100 ! 
818.400 

438,600 

432,800 

410,700 

11,74 

11,91 

12.08 

187.88 

141.S8 

145.98 

TOO 

832.900 

411,000 

12,35 

160.07 

740 

7i0 

547. tWO 
| 883.800 

408,400 

400,000 

12,41 

13.68 

154.01 

188.27 

700 

877,800 

aw, 800 

13,78 

162,87 

1711 

j 803.«» 

889,000 

12,92 

166.88 

700 

006,400 

m,m 

18,00 

171.85 

im 

000 

KID 

j #34.100 

M0.000 
888.100 

879.800 

878.000 

870,400 

13.38 

18,42 

18,80 

175.87 

180.10 
184 60 

mm 

072,400 

808,900 

13.76 

189,83 

$m 

#88.000 

901.400 

18,93 

194,08 

140 

708,000 

887,100 

14,00 

108.53 

nm 

732,800 

882.900 

14,26 

203.35 

mm 

mm 

050 

rm,<m 

786,000 

774,400 

792.100 

848,000 

844,800 

840,900 

887.100 

14.48 

14, #0 

1 14.78 

1 14.08 

208,24 

218.17 

217.86 

322.90 
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HIGH-FREQUENCY MEASUREMENTS 


Table XIX. For Wave Length, Frequency and Oscillation Constant.— 

(Continued) 


A 

A 2 

/ 

Vlc 

LC 

900 

810,000 

333,300 

15.10 

228.01 

910 

828,100 

329,700 

15.27 

233.17 

920 

846,400 

326,100 

15.43 

238.09 

930 

864,900 

322,600 

15.60 

243.36 

940 

883,600 

319,100 

15.77 

248.70 

950 

902,500 

315,800 

15.94 

254 .08 

960 

921,600 

312,500 

16.11 

259.53 

970 

940,900 

309,300 

16.27 

264.71 

980 

960,400 

306,100 

16.44 

270.38 

990 

980,100 

303,000 

16.61 

275.90 

1,000 

1,000,000 

300,000 

16.78 

281.57 

1,010 

1,020,100 

297,030 

16.94 

287.00 

1,020 

1,040,400 

294,120 

17.11 

292.70 

1,030 

1,060,900 

291,260 

17.28 

298.60 

1,040 

1,081,600 

288,450 

17.45 

304.50 

1,050 

1,102,550 

285,710 

17.62 

310.50 

1,060 

1,123,600 

283,010 

17.78 

316.10 

1,070 

1,144,900 

280,370 

17.95 

322.20 

1,080 

1,166,400 

277,780 

18.12 

328.30 

1,090 

1,188,100 

275,230 

18.29 

334.50 

1,100 

1,210,000 

272,730 

18.45 

340.40 

1,110 

1,232,100 

270,270 

18.62 

346.70 

1,120 

1,254,400 

267,850 

18.79 

353.10 

1,130 

1,276,900 

265,480 

18.96 

359.50 

1,140 

1,299,600 

263,150 

19.13 

306.00 

1,150 

1,322,500 

260,860 

19.29 

872,10 

1,160 

1,345,600 

258,610 

19.46 

378.70 

1,170 

1,368,900 

256,400 

19.63 

385.30 

1,180 

1,392,400 

254,230 

19.80 

392.10 

1,190 

1,416,100 

252,100 

19.97 

898.80 

1,200 

1,440,000 

250,000 

20.13 

405.20 

1,210 

1,464,100 

247,930 

20.30 

412 . 10 

1,220 

1,488,400 

245,900 

20.47 

419,00 

1,230 

1,512,900 

243,900 

20.64 

426.00 

1,240 

1,537,600 

241,930 

20.80 

432.60 

1,250 

1,562,500 

240,000 

20.97 

439,70 

1,260 

1,270 

1,280 

1,290 

1,587,600 

1,612,900 

1,638,400 

1,664,100 

238,090 
236,220 
234,370 
232,560 

21.14 

21.31 

21.47 

21.64 

446,90 
454.1,0 
461.0() 
468.30 

1,300 

1,310 

1,690,000 

1,716,000 

230,760 

229,010 

21.gl 

21.98 

475.70 

483.10 
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Tahms XIX, Ftm Wavk Lknutii, Fkcqukncv ani> Owui.i-ation Constant._ 

fl 


\ 


/ : 

vU’ 

LC 

i mat 

t.742,400 

i 

‘-•27,270 1 

22 15 

400.00 

t.330 

1 .7HH.MW 

225,8H0 

22.81 

407.80 

! .aw 

1.7B5.WW 

223.H70 

22.48 

805.30 

i a.v» 

t. S2-.*. mm 

222,220 

22 Ufi 

513.00 

t ,wm 

t , MU, ffOft 

220. MX) 

22.02 

520 HO 

i ,370 

i.H76,OHO 

21H.070 

22 tm 

528.10 

t /mi 

! .WH.400 

217 Mm 

23.15 

535 - 90 

i ,mm 

i,032,100 

am, hsi 

23 32 

543,80 

i , mi 

i tmotsw 


23 40 

651.80 

M10 

l.Mft.lOO 

212,700 

28.66 

888.80 

i. 4*jn 

2.010,400 

211.200 

28.82 

567.40 

1,4J» 

2.044,000 

200.700 

23.00 

875 mo 

1,440 

2.073,000 

am, aw 

24.10 

mm 

MHO 

2.102,800 

am.eoo 

24.33 

miM 

1,411! 

2.131.000 

208,470 

24,4® 

600,80 

1,470 

a.im.m 

204,OHO 

24.08 

608.10 

MMI 

2,100.400 

202.700 

24.81 

616 mo 

1,400 

a.aao.too 

20I,840 

28.00 

621,00 

1.5P0 

a. am .odd 

mi mm 

28.17 

688.80 

Milt 

a. wo, too 

HW.fWO 

25.88 

641 mo 

MSI 

| 2,310,400 ; 

III?, 300 i 

28.80 

050.20 

1.530 

| 2,340.000 i 

Hm.070 i 

28.67 

058,00 

I .640 

! 2,371.000 ; 

134,300 

28.34 

067.70 

1,660 

i 2,402.800 : 

i 133.840 

mm * 

076.00 

1 ,560 

| 2.433.000 1 

132,310 

m 17 

684.00 

I ,i?l! 

| 2,404,000 ; 

i»t .mm i 

26.34 

088,10 

Milt 

j 2.400,400 ! 

xm,wm \ 

28,81 

702.80 

I ,If» 

| 2,823,100 ! 

133,870 

j , 

28.63 

711.80 

1 .nil 

! 2,800.000 

187, M0 

26.84 

720.40 

Mid 

2.882,100 

180,840 

27 Jt 

720.50 

Mat 

! 2,024.400 j 

186.100 

27, IS 

788.70 

i .nat 

| 2.000,000 j 

IWOMI 

mm 

748,00 

t jHit 

j 2,000,000 i 

102,080 

mm 

757,30 

t „«UHi 

2.722.8111 

101,020 

27.63 

766. 80 

t .MM 

! 2.765.600 ! 

100,780 

27.88 

775,60 

1.1170 

! 2,7101,000 I 

t70.040 

mm 

786.20 

I, (Ml 

2,H22,400 ; 

170.570 

28.13 

704.60 

1 ..IBM! 

j 2.380.100 

177,510 

28.36 

803.70 

1 ,700 

2,000.000 

176,400 

m,m 

813,40 

t;?tci 

2,024,100 ! 

178,440 

2i.it 

833.10 

t,rao 1 

2,088.400 ! 

174,420 

28.83 

882 00 

1.730 1 

i 2,002.000 ! 

178,410 

mm 

842.20, 
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HIGH-FREQ UBNCY MEASUREMENTS 


Table XIX.—Fob Wavb Lusncith, Fr*qo*noy and Omjiiaatioh Constant. 

(Continued) 


X 

X s 

/ 

vu- 

LC 

1,740 

8,026,600 

172,410 

29,19 

863.00 

1,760 

8,062,500 

171,430 

ao.ao 

862 00 

1,760 

8,097,000 

170,450 

29 m 

872.00 

1,770 

8,182,900 

169,490 

29.70 

883 10 

1,780 

8,168,400 

168,640 

29,30 

891 60 

Vi 760 

8,204,100 

167,'600 

30 03 

301.80 

1,800 

8,240,000 


SO 20 

913.00 

1,810 

8,276,100 


80,87 

922.80 

1,820 

8,312,400 


80.54 

383,70 

1,880 

8,348,900 


SO 70 

942.50 

1,840 

8,388,600 

168,040 

80,87 

368.00 

1,850 

3,422,500 

162,160 

SI .04 

903.40 

1,860 

3,459,600 

181,290 

81 21 

974.10 

1,870 

8,496,900 

160,430 

81.87 

mi is 

1,880 

8,684,400 

169,870 

81.54 

■ EIEa 

1,890 

8,572,100 

158,730 

SOI 

1,008.80 

1,900 

8,610,000 

167,890 

81.88 

1,018 40 

1,910 

8,848,100 

157,060 

82.04 

1,096 60 

1,920 

8,686,400 

166,240 

82.21 

S ,0*17 50 

1,930 

8,724,000 

156,440 

12., S5 

i .on ai 

1,940 

3,768,600 

154,880 

mm 

1,089 m 

1,950 

8,802,600 

in, 840 

m n 

1,070,60 

1,960 

3,841,600 

in, 060 

is, as 

1,081,10 

1,970 

' 8,880,900 

162,280 

88.06 

1,009.80 

1,980 

8,020,400 

181,510 

MM 

1,108.80 

1,990 

8,960,100 

150,750 

m,m 

i»114 m 

2,000 

4,000,000 

150,000 

88 M 

1,138.80 

2,010 

4,040,100 

149,250 

88.73 

1.187,10 

2,020 

4,080,400 

148,500 

88.80 

1,143 SCI 

2,080 

4,120,000 

147,780 

84.08 

MOO 10 

2,040 

4,166,600 

147,060 

m m 

1.171.70 

2,050 

4,202,600 

146,340 

m m 

1, m 70 

2,060 

4,248,600 

145,680 

14 m 

1,1*4 40 

2,070 

4,284,900 

144,930 

34 71 

1,206 m 

2,080 

4,326,400 

144,380 

84:90 

1.218 CD 

2,090 

4,868,100 

148,540 

85.07 

1,333.80 

2,100 

4,410,000 

142,150 

SI 38 

1,341 30 

2,1U) 

4,452,100 

■ 142,180 

S6 40 

i,3tt so 

2,120 - 

4,484,400 

141,510 

35,67 

1 \M.m 

2,130 

4,536,900 

140,840 

36,74 

| 1,277.40 

2,140 

4,579,600 

140,180 

Si SMI 

1 1,388 30 

2,150 

4.622,500 

189,540 

; 111,07 

| 1,801.10 

i 
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Table XIX. —For Wave Length, Frequency and Oscillation Constant.—• 

( Continued ) 


X 

X 2 

/ 

Vlc 

LC 

2,160 

4,665,600 

138,880 

36.24 

1,313.40 

2,170 

4,708,900 

138,240 

36.41 

1,325.70 

2,180 

4,752,400 

137,610 

36.58 

1,338.10 

2,190 

4,796,100 

136,980 

36.74 

1,349.80 

2,200 

4,840,000 

136,360 

36.91 

1,362,40 

2,210 

4,884,100 

135,740 

37.08 

1,374.90 

2,220 

4,928,400 

135,130 

37.25 

1,387.50 

2,230 

4,972,900 

134,530 

37.41 

1,399.40 

2,240 

5,017,600 

133,930 

37.58 

1,412.20 

2,250 

5,062,500 

133,330 

37.75 

1,425.10 

2,260 

5,107,600 

,132,740 

37.92 

1,438.00 

2,270 

5,152,900 

132,160 

38,08 

1,450.20 

2,280 

5,198,400 

131,570 

38,25 

1,463.10 

2,290 

5,244,100 

131,000 

38.42 

1,476.20 

2,300 

5,290,000 

130,430 

38,59 

1,489.30 

2,310 

5,336,100 

129,870 

38,76 

1,502,40 

2,320 

5,382,400 

129,310 

38,93 

1,515.60 

2,330 

5,428,900 

128,750 

39,09 

1,528,10 

2,340 

5,475,600 

128,200 

39,26 

1,541.40 

2,350 

5,522,500 ! 

127,660 

39,43 

1,654.70 

2,360 

5,569,600 

127,120 

39.60 

1,568.10 

2,370 

5,616,900 

126,580 

39.76 

1,680.80 

2,380 

5,644,400 

126,050 

39,93 

1,594.50 

2,390 

5,712,100 

125,520 

40.10 

1,608.00 

2,400 

5,760,000 

125,000 

40,27 

1,621,80 

2,410 

5,808,100 

124,480 

40,45 

1,636.30 

2,420 

5,856,400 

123,960 

40.60 

1,648.40 

2,430 

5,904,900 

123,450 

40,77 

1,662.30 

2,440 

5,953,600 

122,950 

40.94 

1,676,10 

2,450 

6,002,500 

122,450 

41.11 

1,690.00 

2,460 

6,051,600 

121,950 

41.27 

1,703.30 

2,470 

6,100,900 

121,450 

41.44 

1,717.30 

2,480 

6,150,400 

120,960 

41.64 

1,731.40 

2,490 

6,200,100 

120,480 

41.78 

1,745.40 

2,500 

6,250,000 

120,000 

41.95 

1,759.70 

2,510 

6,300,100 

119,520 

42.11 

1,773.30 

2,520 

6,350,400 

119,050 

42.28 

1,787.50 

2,630 

6,400,900 

118,580 

42.45 

1,802.00 

2,540 

6,451,600 

118,120 

42.62 

1,816.40 

2,550 

6,502,500 

117,650 

42.79 

1,831.00 

2,560 

6,553,600 

117,190 

42.95 

1,844,80 

2,570 

6,604,900 

116,730 

43.12 

1,859.40 


!P 
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HIGH-FREQUENCY MBASURSMKNTS 


Table XIX. —For Wave Lbnutk, Freqvkncy anb Ohoiaatio* (*«n*tast.~ • 

(Continued) 


X 

X® 

/ 

% U * 

tr 

2,580 

6 , 666,400 

110,280 

43.20 

i,k74 m 

2,590 

6 , 708,100 

115,830 

43.40 

1 . H8H.70 

2,600 

0 , 760,000 

115,380 

43 02 

i,«w m 

2,610 

0 , 812,100 

114,940 ! 

48,79 

1,817 ill 

2,620 

0 , 804,400 

114,610 

43 00 

l,832 30 

2,680 

6 , 916,800 

114,070 

44 13 

1,947 40 

2,640 

0 , 000,000 

113,640 

44 29 

1*961 410 

2,650 

7 , 022,600 

113,210 

44 40 

1 , 976.90 

2,660 

7 , 078,000 

112,780 

44,03 

1,891 70 

2,670 

7 , 128 , m) 

l12.300 

44 80 

2,007 00 

2,080 

7 , 182,400 

Mi .940 

44.07 

2 , 0 * 2.80 

2,090 

7 , 280,100 

111*530 

46,13 

2 , 085.50 

2,700 

7 , 200,000 

111,110 

45.30 

24152,00 

2,710 

7 , 844,100 

l10,700 

46,47 

2 , 057.40 

2,720 

7 , 898,400 

110.290 

46,04 

2.083 00 

2,780 

7 , 452,000 

109,890 

45 §0 

2,087 70 

2,740 

7 , 607,600 

109,490 

41 07 

2,118 10 

2,760 

7 , 602,500 

109,090 

m u 

3,188.90 

2,760 

7 , 017,000 

108.700 

45 . 8 ! 

2*144 70 

2,770 

7 , 072,900 

108.800 

40 47 

2 , 189.50 

2,780 

7 , 728,400 

107,020 

411 54 

2j?i m 

2,790 

7 , 784*100 

107,580 

4#,81 

2*19140 

2,800 

7 , 840,000 

107,140 

45,98 

2 * 207.00 

2,810 

7 , 800,100 

100,700 

47,15 

2*221 00 

2,820 

7 . 982,400 

105,880 

47 „ 12 

2 * 289.20 

2,830 

8 , 008,900 

106*010 

47.48 

24Ji4 40 

2,840 

8 , 005,000 

los.oao 

47,55 

24270,50 

2,860 

8 , 122,500 

1 105,200 

47*88 

2 , 2 * 5.90 

2,860 

8 , 179:000 

104,890 

47,99 

2*301 ICI 

2,870 

8 , 280,000 

104,580 

48 . li 

tsm 50 

2,880 

8 , 204,400 

104,170 

m,m 

2;m no 

2,890 

8 , 852*100 

108,810 

48,49 

a Mt m 

2,900 

8 , 410,000 

108,450 

48,55 

24091 m 

2,010 

8 , 408.100 

108,000 

48 m 

2*184 m 

2,020 

8 , 620,400 

102*740 

48.99 1 

2,299 cm 

2,980 

8 , 584,000 

102,800 

411.10 

2*4111 70 

2,040 

8 . 648,000 

102,040 

49.38 

2,433 m 

2,060 

8 , 702,500 

101*700 

40 50 

1 2 Am m 

2,000 

8 , 701,000 

101,350 

404111 

1 2*4191 10 

2,070 

8 , 820,000 

101*010 

49 83 

j 2,488 00 

2,080 

8 , 880,400 

100,060 

50 00 

! 2.300 cm 

2,000 

8 , 040,100 

100,320 

50 17 

2.517 cm 
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\\ *** Vnw*vmer anm OHrt!,r,ATUW Constant. 


if Vwi/ifi urrh 


V s 

/ 

liJliU'ill 



tin, mi 

II .UK? . Mil : 

mjm 

lUM.iKfft ■< 

1 

II7. MRI 

1 

IMIIIIJM® 

Uft.770 

9 7<iA.a 4 i& 

IMIJIM! 

9 n®. Mil j 

§1,5,231! 

w,»m.,mk f 

114, lii! 

i 

111. 3 40,CK)(I j 
HI MM IVift 

99,7*0 

m.tm 

to ®m mi j 

«oiti 

io.72S.iia I 

ti A%m 

io.MM.oori 

90.910 

m avi iva 


(1.7/2.000 | 

m t fm 

tt .'iw.aa 

1 m,mm 

»l .660.11*1 

m/m 

11.760,631 

H7.MI1 

ll.W2.600 

msm\ 

12.076.631 

m,mm 

12.360,000 

mjm 

12.436,036 

m, ioo 

13.003,600 

94.BIO 

I3.7SM.03S 

M.9I0 

12.000.000 

m,m i 

li.(40.036 

mjrni 

13,322,600 

m, nm 

(6.606.026 

HI,030 

ts.om.ooo 

.HI ,090 

13.176.026 

m ,540 

s i mi mm 

50,000 

(4. 366.026 | 

79.470 

] 

H 440.mil ■ 

79,930 

14 630.626 

79,430 

14.622.600 

n„wm 

i6.uii.6a 

77,430 


i 


mJL 


v’hr 

w 

mi 33 

2,588,20 

Ml 75 

2,575.00 

?*t 17 

2,018.40 

r»i fit» 

2,001.50 

32,01 

2,705.10 

52,43 

;■ 2,748.90 

52, H5 

2,708,10 

Ml 27 

2,837.80 

»3 mi 

2,882.70 

54,11 

2,927.90 

54 m 

2,973.70 

64 85 

8,019.60 

m m 

8,005.80 

55.79 

8,112,00 

60.21 

8,150,60 

86.08 

8,207,10 

mm 

3,254,80 

57,46 

8,801.00 

§7,8H 

8,860,00 

58,111 

8,808.00 

58 .,72 1 

8,448.00 

MU 4 

8,487,50 

mm 

8,647.40 

mm 

8,697,70 

SCI ,,40 

8,041.10 

00, S3 

8,000,00 

til ,24 

1,780.20 

fll.OO 

8,802,00 

03.08 

8,868.80 

03,30 

1,000,20 

m m 

3,968.80 

m,m 

4,012,00 

08.75 

4,006.00 

64, IS 

4,110,00 

§4,60* 

*1.173.00 

mm 

4,238.00 


la. ar to, cm 

ia,*»a,<i3a 


78,440 


40.48 

60.88 


4.2*1.00 

4 . 336.00 
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IIKill-FREQUJSNCY MEASUREMENTS 


Tabus XIX.—Fob Wave Lkncith, Frkqubncv ani> Obciu.ation f’nnmNT 

{CatUinuml) 


X 

X a 

/ 

v® 

LV 

3,1)50 

15,602,500 

75,950 

00,27 

4,302.00 

3,975 

15,800,625 

75,470 

00,09 

4,448.00 

4,000 

16,000,000 

75,000 

07.11 

4,808 00 

4.025 

16,200,625 

74,840 

07.53 

4,881 (Ml 

4,050 

16,402,500 

74,080 

87 $15 

4,617.00 

4,075 

16,605,625 

73,830 

08,37 

4,075 00 

4,100 

18,810,000 

73,170 

68.79 

4,78*2 (HI 

4,125 

17,015,625 

72,730 

69.91 

4,790.00 

4,150 

17,222,500 

72,290 

89.88 

4,848 <» 

4,175 

17,430,625 

71,850 

70.05 

4,907.00 

4,200 

17,640,000 

71,430 

70,47 

4,900,00 

4,225 

17,850,025 

71,010 

70,89 

8,026 00 

4,250 

18,082,500 

70,590 

71.31 

5,085.00 

4,275 

18,275,025 

70,180 

71,73 

5,145.00 

4,300 

18,490,000 

80,770 

79.15 

ft.906.00 

4,325 

18,705,625 

09,370 

72,67 

8,300.00 

4,350 

18,922,500 

88,070 

72,99 i 

5,928 00 

4,375 

19,140,626 

68,580 

73,40 

5,888.00 

4,400 

19,860.000 

08,190 

78.83 

6.451.00 

4,425 

19,580,625 

07.800 

74.94 

3*511 00 

4,450 

19,802,500 

07,420 

74 .,00 

3,574 m 

4,476 

20,025,025 

67,040 

75.08 

5,637*00 

4,500 

20.250,000 

60,670 

75,50 

5,700.00 

4,526 

20,475,626 

60,100 

76,112 

5.764.00 

4,650 

20,702,500 

65,940 

76,34 

5,827 m 

4,575 

20,930,625 

65,580 

711.76 

5,599.00 

4,600 

to 

o 

§ 

05,220 

77.18 

5,957.00 

4,625 

21,390,026 

04,870 

77.00 

0,090 00 

4,650 

21,622,500 

04,620 

71,09 

6,067.00 

4,675 

21,855,625 

04,170 

71,44 

6,155.00 

4,700 

22,090,000 

03,830 

78.86 | 

0,219 CM) 

4,725 

22,325,025 

02,490 

70 2S 

0/215.OC) 

4,750 

22,562,500 

63.160 

79 n 

0*1152 CM) 

4,776 

22,800,025 

62,830 

80.12 

5,419.00 

4,800 

28,040,000 

m,m 

1 

80,58 

0.415,00 

4,825 

23,280,025 

02,180 1 

80.88 

5 , 555.00 
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Table XIX.—For Wave Length, Frequency and Oscillation Constant.— 

(' Continued ) 


X 

X 2 

f . 

Vlc 

LG 

4,850 

23,522,500 

61,860 

81.37 

6,621.00 

4,875 

23,765,625 

61,540 

81.79 

6,690.00 

4,900 

24,Old,000 

61,230 

82.21 

6,759.00 

4,925 

24,255,625 

60,910 

82.63 

6,828.00 

4,950 

24,502,500 

60,610 

83.05 

6,897.00 

4,975 

24,750,625 

60,300 

83.47 

6,967.00 

5,000 

25,000,000 

60,000 

83.89 

7,038.00 


! NI >KX 

fvlrf !m Jiitgni. 


A 

Almthnm, 1I-* irnilimtentor, 34 
Abrnlutfii, M * f*r*§|*nfiiiit«»it reiimtimi, 2WI 
A$^Ktr|*lK»<t*i|i*4i*rirn\ tt, # » »<W. 2MJ* 

asii mo. an. mi mn mm ;«h, imi, 

384, 300, 41H 
1st grtniml, 3111 

In 1ay*»r «( at «»«*»$ »lw*r*% -HI, 

m 410 

AbeirptMtit farlur f«t *|«irr w*v«\ 4141, 

4011 

riwiwn**' 1 t’lmrit' amt rmlm* 
lb m nrl bill# r*«»i|Mtrr«| r 2 

gn$wif«f, 53. Si 183 
AMNUtir Im*«» 33H Slit 
AfdHti 88. 114* 1.16, 

iti, m* 104, mi, ihi* i»4 toft, 

toft, im #11, »4, 20ft w» mi, 

220, tit* am, mi tti* aw, aiu, 

tm 332, 333 833, SP 344 3® 

Aeoiiitb 4 itwnltilnlim* 28 #1, H3- Slf 
AtauftOk’ 338 340 

AkHii) (Mitaimah I, 2, 3* 381 '4C!§ 
rttotiuiitfcifi, 3H4» SMI 
tlrvofiig*, 3Hft* 2P* 

a, mm «®na» stii* mi amt, 
hi? 

mmrtntiin, 2, 833 
riirwil % 388* 300 

illnUttfiMifi nrtwst Ifibynirnl ,1 

niirf rffrr I ivr bf'tgbl, 4111 

l*r*«r*»n flulir- nfifl rff««et.ivr 
c*»*i»t4tit«, 2, 3H3 

i»fffH?tiv*» i l*r in ft I, 4111 4113 

formula*, mm 4113 

fmtttt* Cfcwift)* 402. 400 411, 41% 4111, 
wi. m 

fr«|iipn^y iwair fotigthi mm, 30?, 333* 
33% »t iwi mm 

ifttpcnfafirtt, -I4%4 33?, 303 
1*1*1 nrlnliw* 2, 333 334, 300. SMMKM 

femtiiiin, mm, no?, mm 300. Jim 

MB 


At’rml, ttu*iiAiifi*ttit*siln ll SHU .422 

rmiurnl U'v^nvnvy (whvi* lim&lhj, I HU, 

222, 21% :m t :m, am---aim, .urn 

mi I ml in I |Mnvf*r, 303 400 
'rmlmtiiMi 2 3, 203, 398-‘4(H) 

rrarljimt?, SHU, SMB, SOS SIM, 430 
nwivwl mrmit, 00, 114, 401-403, 
40ft-411 

rw^ivwl flnl4 intermit y, 404*422 

% 20ft, 3H3, BOO, 896-400 
nufftt* tiM|N*dAiuw (c?ha»il«rlifck imped- 
niu*f*)« im 334, 383, 300 
v«»lfK*Uy of 180-101, 880 

■veiltiip flintrtltuikin, % 1181, 390**308 
Affinity foltrtron), 323 
Air tramtibrinpr^ tl, 22,10, 20, #6411, if, 
lift, I ih, iff 
iitiIn, 60, 433, 4S8 •' 

siifffsfwiiiiii, i? f ai7, 21 % §44, m> W% ' 
in?, m am, is?, m% 304, is? 
in tuft* rircylta, 30 
innmi, 33 

Alberti, K,* btidp m«ihod, 20H 
Al<**nmi*mni< il F» A*, p«ipiti« if 
imn m high fw»cjot»aki, 817 
.Atnmpter, I CXI 
imUhmtinf), 1011 
DiacMtii, m 

ilfmmmmmt* M» 101, IM, 182, I®|, 
8M 

liot^cmitindb, 11? 

Iml-tirirv, 100 
mOlh Mid «iirrtf*, §§-! If 
repilikw, 126 
thnrttui, 07^100 
Aiii«it4«r tmtiifortnnr, 03* 100 
AmpiifiettJcttt, wifiwili 27» i0f«4W, 

1 04 m, ir iis no "M 
of dlnml niiiwnlii, !• 104* tilt 
\m i io, i tl 
fatter, 42, 88tW#8* 384 
by tmm% nl iwgrtlvt tf 
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Amplification, measurement, 104-114* 
115, 3S l 333, 343-349 
of photoelectric current** 104, 105, 

108, 109 , no 

power, 331 

of small current*, 102 
of thermoelectric current*, 104, 105 
of very smell currents, 105-107, 109, 
lia-116 

voltage, 27* 142 143, 149-461, 880- 
333, 342-349 

Amplifier, equivalent circuit, 59, 370 
Amplitude, 4 

modulation, measurement, 858- 804* 
376.-883 

theory, 28-26, 868-868* 866, 870, 
871* 874, 8704182 
of voltage and current, 4 
of voltage, measurement, 184-148 
Analyser, current, 116-120 
voltage, 164-168 

Anders, CL* calibrated mutual inductor, 
87 

field intensity measurement, 404 
Angle, forward tilt of received electro 
magnetic wave, 202, 418 
of incident and reflected iky ray 
(wav®)* 419-422 

phase, 8* 14* 16, 17* 1H, 288-384, 887* 
m% 202, 208* 294, 298* 302, 80S, 
804* 806-810, 314* 816, 349* 888, 
304, 808, 869* 370, 871, 878-883, 
884 

Antenna (mm Atrial) 

Aperiodic aerial and line feeder, 1 * lit 
Aperiodic detector, 06 
Aperiodic input, 0, 89, 892 
Apfal, IL A,* resonance hridge, 90S 
Apparatus* useful, for high-frequency 
laboratory, 60-94* m 98, 102 403, 
106, 123* 142-150, 164-167* 169- 
168, 104, 166, 107, 171, 174, 186, 
190* 100, 201, 204, 215, 241, 249, 
251 

Apparent and true forward lilt of 
electric-field vector, 202 
Appleton, E, V., linear time axis, 78 
static test, 430 

wave propagation, 111, 412, 416 
Arc, oscillations, 27, 76, 200 
Ardenne, von, M,* cathode-ray tube, 68 
modulation determination with cath¬ 
ode-ray tube, 860 


Ardennc, von* M.* shielding, 48 
small grid currents, Ilf 
on tube voltmeters, 158 
Argon gas, 31, 3i* 66 
Arguinihsu, L. 11, mi stnflKwcopic 
frequency tmlirnfor*, 305 
Arvuagnat, 1,, current nnafysis, I HI 
Atmospherics, wave shape of, 430 
Atomic mean free path, Ilf 
(Smuts® Molecular mean free path) 
Atomic weight of light-sensitive cathode 
and photoelectric effort* I! S 
Atoms, 29 40 

Attemxatioiii along aerial* and lines, 
180, 190, 2181* 384. 880, 800 898 
box, 80-04, 113, 111, 841, lit. III 
in electromagnetic wave in ground, 
909-307 

fur a long coll with distributed capaci¬ 
tance, 21,110 
space, 4C13, 406 

Audibility, deftnitirm, 888 840 
meter, 114 

telephone receiver, 111* Hi* I§4 
Audk>-f fluency, amplification, 343-845 
generator, 58,.64, 185 
measuremanta Acoustic measure* 
tnenta) 

Austin, L W , aitdlbUHy meter, III 
capadtatiee formtihi for aerial* 886 
transmission formula for long waves, 
404, 405 

AustindSohen formula, getieraUasd ex¬ 
pression, 4<li 

Austfit-Judson, K. II*, absorption factor 
of #lccinifippi#tte wave, IDS 
signal comparator, 114 
Autodyne racepsioo, 188 184 
Antotransformcr, 60, 439, 488 
Aukiiimlic synebronixaikm, 58, 78-82, 
172* 187, 900, 901 -’906, 439 
Ayrton-f^ity winding of mdstanee, 88, 
190 

14 

Babcock, II 14,, *pt*Un*ix**ple value of 
elect,funic charge to mass ratio, 821 
Hack feed, factor m regeneration, 347“ 
840 

phase of* In regeneration, 340 
Hsaumler, M., field intenaltv measure¬ 
ment, 404 
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Bailey, A., long-wave transmission, 293 
Balanced amplifier, 102, 124, 125, 144, 
154, 155, 207, 303, 309, 370 
Balanced beat counter, 207 
Balanced calorimeter, 85, 276, 280, 305 
Balanced phase meter, 309 
Balanced thermometer, 86, 276 
Balanced transformer, 87, 217, 219, 244, 
257, 259, 267, 268, 282, 287, 289, 304, 
437 

Balanced tube circuits, 102, 124, 125, 
144, 154, 155, 162, 207, 303, 309, 370 
Balanced wattmeter, 303-304 
Balancing out steady currents, 154-155 
Ballantine, S., and H. L. Cobb, power 
sensitivity, 333 
tube measurements, 322 
Ballistic galvanometer, for capacitance 
determination, 214 

for decrement determination of piezo¬ 
electric elements, 431 
for plotting discharge currents, 62 
Baltruschat, M,, secondary-electron 
emission, 328 

Band, frequency, 1, 170, 354 
Barber, A. W., harmonic content, 116 
Baretter, 97, 99 
Barfield, R. I!., shielding, 43 
wave propagation, 418, 419 
Barkhausen, I-L, wave propagation, 404 
Barnett, M. A. F., wave propagation, 
412, 416 

Batcher, It, R,, discussion on semi- 
empirical inductance formulas, 236 
Bayly, B. D. F., direct-reading audio¬ 
frequency bridge, 209 
Beat frequency, analyzer, 124-126 
calibration, 74-75 
generator, 185 

indicator, 146, 185, 186, 199, 207 
reception, 183-185, 406 
theory, 22-24, 186-187 
Beams, J. W., Kerr cell arrangement, 435 
Bearing error, 422 

Bedell, F., and II. J, Reich, linear time 
axis with glow tube, 78-79 
Bel, tenfold transmission unit, 90, 92, 
300-301, 339-340, 444-448 
Bolfils, G., resonance bridge, 164 
Bennett, R. D., tube galvanometer, 104, 
106 

Ber and bei functions, for computing 
high-frequency resistance, 263-264 


Bergman, L., generator for receiver tests, 
52 

Bessel functions for computing high- 
frequency resistance, 263-264 
Beverage antenna, 385, 388 
Bijl, van der, Ii. J., amplification deter¬ 
mination by means of an attenuation 
standard, 115 

Bloch, E., and Abraham, Ii., multi¬ 
vibrator, 54 

Blue glow, 36, 53, 326-327 
Boddic, C. A,, determination of line con¬ 
stants, 387 

Bogardus, Ii. L., and C. T. Manning, 
checking frequencies of broadcast 
stations, 200 
Bohr, energy levels, 35 
Bolometer, 97, 99 
Boltzmann, constant, 41, 322 
Boltzmann-Stefan law, 325 
Bombardment, ionic, 29-40, 64, 104. 319, 
326-327 

Bom energy levels, 35 
Bostwick, W. E., and E. Merritt, 
polarization of received broadcast 
waves during sunset periods, 404, 
421 

Bowditch, F. T., iron measurements, 239, 
250 

Bowdler, G. W., discussion on the 
Chubb-Fortescue peak voltmeter, 
144 

Bowles, E. L, ferromagnetic measure¬ 
ment, 312 

Bown, R., wave propagation, 353, 372, 
375, 404, 416 

Brattain, W. Ii., piezo crystal with 
thermostatic control, 200 
Braun, F., cathode-ray tube, 63, 302 
frame aerial for field-intensity deter¬ 
mination, 404 

Breisig, F., propagation in ground, 293 
Breit, G., high-voltage tube, 322 
impulse method for the determination 
of the effective height of the 
ionized layer of the atmosphere, 
411, 412 

Bridge, alternating-current, 89, 97-98, 
100, 102, 114, 124, 126, 131, 164, 
167, 182, 208, 209, 215, 

249, 252, 253, 285, 289, 299, 3$9, 
332, 333, 338 
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Bridge, analyaerof eummt, 124 
of microphone dUtorticm, 126 
of voltage, 184-188 
bareiter, 97, 99 
bolometer, 97, 99 
Campbell, 299 
capacitance, 215, 219, 338 
for intereleetrode eapaeitanre, HSU 
differential, 89 

for dynamic'-tuhe ramatont*, 332~333 
Fleming, for the determination of 
oapueitanee, 219 
induetanoo, 241, 249, 252, 2M 
Miller, for the detenninaiioti erf am pi I* 
fkation factor and dynamiivplate 
reatatanee, 832 
negative nwiataaee, 299 
phaaometer, 899 

redatanoe, 241, 283, 299, 332, 333 

reaonanee, 184, 208, 299 

aelenium, 112 

aonometer, 199 

thermoeroaa, 98, 182, 289, S92 

tube, 192 

Wheatatone, 112 

Brooka, Morgan, and Turner, Induetanoe 
formula, 233 

Bureau of Standards, 199, 19*2, 900, Mil, 
22% 228, 228, 224, 287, 288, 241, 
244, 282, 968, 988, 883, US, 896, 
404, 423, 482, 438, 449*431 
Burke, 0* B, apparatus for receiver 
touts, 52 

Buaeh, IB, determination erf the dee* 
tronie efaarge to tnaaa ratio by meant 
of free electron*, 321 
Butterworth, S„ induetanee formulae, 
237 

rostotanee formula*, 285 
Byrne, J, F», and W. L. Sverilt, current 
distribution* along aerials, 391 

C 

Cady, W. CL, erevaaae method, 181 
pieio-electrici Monitor, 29 
Calibration of ammeter, 99-100 
of baatofnquenoy generator, 74-75 
■of bolometer, 190 
of eondenaer, 211-282 
in equal parts, 228 
of eurrant, 014 100 


Calibration of Irm^rnwy meter 

me tor b 4 HTJ IH3, 1*5- 2*I3» 2fM:» 219 
of hot-wire mrlrr, UMl 
of indurlMiM, 2M 238 
of large eapeeiiAttrr, 221 
of Iiit'ie rn*i#*!fitir*\ 2a I 
of mutual indtiftattre, 254 291 
of pieiuwdwtrto twmHilmim, MitV 293 
of nwieUmee, 282 299 
negative, 2W 299 
of small roiidmiiippr, 221 223 
of email imlurlaotw. 24ft 24ti 
of thermnrniaa system, 99 
of tut*’v<dtm«*U»r, 145- 14fL 161 
of votlmfUf, 129, 134, 13? 
of wave meter f m* Fjr*«|itcttey titular) j 
Calorimeter, differential, 86, 278, 2861 
303,11? " 1 

for effective raniitta net* cmtipitnentaj 
278, if®, 805, Iff 

metiiod tor mil I m* 27% 280, 306, 31? 
for core U*m» 2811, 81)3, 317 
for tom lorn, mi 805, 11? 
atm pie, HI 

Gotti jrfteli, A * bridge, 909 
and It, W, I lye, eurrctii Cmetrumentl 
I rnnuftoritter, 17 
C Sand!*, toot and poorer, lil 
Caimrilanee (capacity), 211 232 
alienlufe value, 2) 1 

an leu tt a, 2* 8H34M, 390, 31If! 300, 39? 

bridge, 211 

«dl. % % 7, 21, til 981, 243 
coupling, IS, 49, ISL §4, 60, ft, M, §?j 
m wo, m, son, in, iii, rmj 
III, 14», J40| 150, 13ft, HI, 166 j 
definition. III 
determination, ill -232 
dynamic Ifiiglt faqueney 1 * % 211, 388 
eleettnde, 42, lit!, if *37 
equivalent, 3, 211, 883 
filament, 4% 31ft, il§1, Ml 
farmtil**, III 214 228 
grid, 42, 216, 231, 887 
grid-filament, 42, mi 281, Ml 
grid*pt*t*» 42, ill), 335, 111, Ml 
intmdretftMl*, 42, 216, 225, 231, Ml 
large, m 

line and aerial, 2, 2112* 883, 898-898 

tmmnmmml 214.282. 883, 390. 2984 

827 

parallebplate, 912 
pamliebwlre, 2, til 
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Capacitance (capacity), photoelectric cell, 
108 

piezo-electric, 426 
plate, 42, 216, 225, 231, 337 
plate-filament, 42, 216, 231, 337 
plate-grid, 42, 216, 231, 337 
resistance coupling, 150, 156, 157 
resistance oscillation (relaxation), 52, 
78, 79-82, 200-205 
self, of aerials and lines, 383-397 
of coils, 3, 6-7, 21, 227-231, 243 
small, determination, 221, 224, 225 
static, 2, 211 
per unit length, 223, 384 
units, 211 

Carpentier, J., and G. Ferric, direct- 
indicating hot-wire frequency meter, 
179 

Carrier, frequency, 24-26, 353-382 
modulation, 24-26, 353-382 
in amplitude, 24-26, 353-364, 366, 
370, 371, 374, 376-382 
in any two or all three types, 364-382 
in frequency, 354, 364-382 
measurement, 353-382 
in phase, 364-382 
suppression, 25 

symmetrical and unsymmetrical modu¬ 
lated, 24, 357 

Carson, J, K., frequency modulation, 353, 
365 

high-frequency resistance of a line, 265 
Cascade amplification, 105, 109, 111, 
118, 125, 156, 157 

Cathode-ray tube (oscillograph), 61-85 
application, 71-85, 137, 192, 194, 230, 
301, 304, 308, 309, 312, 313, 320, 
330, 360, 373-374, 420-422, 432, 
436 

cold-cathode, 63 

delineation of closed patterns, 75 
design, 64 

equations and formulas, 65, 66, 09, 
70, 72, 77, 320 

fluorescent spot patterns (nee Cathode- 
ray tube, application) 
focusing coil, 05, 08 
frequency determination, 192, 194 
hot-cathode, 00-07 
hysteresis pattern, 312, 313 
with Lenard rays, 83-85 
linear time axis, 77-82 
Lissajous figures (patterns) 71-77 


Cathode-ray tube .(oscillograph), phase 
meter, 308 
phase pattern, 309 
phase relations, 71-73, 308-309 
power chart, 301 
principles, 61, 63, 320 
sensitivity, 69, 82-85, 320 
tube (electron) pattern, 330 
voltmeter, 137 
wattmeter, 301, 304 
Cathode rays, 63 
Cell, Kerr, 435 

photoelectric, 104, 108, 109, 110, 111, 
351-352 


selenium, 111-112 

Chaffee, JE. L., on cathode-ray tubes, 63 
electronic charge to mass determina¬ 
tion, 321 

Chaikin, S., piezo-electric decrement 
determination, 431 

Chain, of coils and condensers (recurrent 
network), 21, 310 
Characteristic, arc, 75 
antenna and line reactance, 386, 388, 
.395 

dynatron, 174, 328, 329 
electron tube, 40, 157, 174, 322-324, 
328-330 

empirical, 438-443 

frequency, 9, 13, 16, 17-21, 111, 116- 
126, 161, 164r-lG8, 170, 197, 342, 
343 


glow tube, 53, 79 
piezo-electric oscillator, 432-433 
piezo-electric resonator, 426 
of statics, 436 
surge impedance, 384, 385 
Charge, attractive and repulsive force, 
29-30 


bound and free, 29, 30, 35, 36, 64, 202, 
319-323, 325 

condenser, 4, 53, 64-56, 62, 78-82 
electronic, 29 
glow-tube, 53, 78-79 
multivibrator, 54-56, 80 
space, 157 

work expended to liberate electron, 322 
Chariton, O. E,, on ferromagnetic meas¬ 
urements, 312 ' 

Child, C. IX, three-half power law % 
electron tubes, 40 
Chiodi, C., resonance bridge, 104 
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Chireix, H., hot-wire type high-frequency 
wattmeter, 300 
Choke coil, design, 239-240 
inductance measurement, 241, 249-253 
resistance measurement, 241, 276, 280, 
436 

Chubb, L. W., and C. L. Fortescue, peak 
voltmeter, 144 
Circuit, 1-49 

coil with self-capacitance, 3, 6-7, 21, 
227-231, 243 

coupling, 10-16, 20, 254r-261 
decrement, 9, 17, 19, 20, 270, 306-308 
equivalent, 5, 6, 7, 12, 13, 59, 370 
equivalent amplifier, 59, 370 
impedance, 5-20, 383-384, 385-389, 
426, 427-429, 436 

loaded and unloaded line and aerial, 
383-384, 387, 389, 393-398 
parallel resonance, 7-10, 16-20, 21, 
174, 230, 285 
phase angle (sea Angle) 
properties, 1-49 

power, 3, 7, 10-16, 289, 300-305 
power factor, 306-310 
reactance, 5-20, 240, 249, 317, 382- 
389, 395-396, 426, 427, 436-437 
reactance law, 10 

resistance, 2, 3, 5-20, 26-28, 41, 262- 
299, 306-307, 314, 317, 318; 330, 
332, 333, 334,» 383-384, 386, 390, 
392, 396-400, 426-427, 428, 430, 
436 

negative, 26-28, 298 
series resonance, 15-21, 230 
Clapp, J. K., piezo-electric frequency 
standardization, 200, 203 
Click method for resonance indication, 
14, 51, 173, 183 

Cobb, H. L., and S. Ballantine, power 
sensitivity, 333 

Coblentz, W., sensitive thermopile, 105 
Coefficient of coupling, 11, 254-261 
Cohen, L., Austin transmission formula, 
generalized expression for, 405 
circuit relations, 57 
line and aerial constants for inductance 
loading (graphical method), 395 
Coil, in circuit, 4-21 
decrement, 9-20, 306-310 
distributed capacitance, self-capaci¬ 
tance, 3, 6-7, 21, 227-231, 242, 
243 


Coil, inductance formulas of, 233-240, 
242 

inductance measurement, 240-253, 
436 

iron-core, 239-242, 249-253, 276, 280, 
305, 311-318, 436 
in line and aerial, 395 
loading, 383, 389, 393-396 
loss, 7, 277-281, 305 
measurements, 227-231, 240-253, 255- 
• 261, 267-287, 305, 307-310, 312- 
- 318, 382,’ 393-396, 405, 408, 409, 
410, 411, 418, 419, 420, 422, 436 
natural frequency, 6, 230, 242 
phase angle, 5, 306-310, 314 
power factor, 5, 306-310, 314, 316 
properties, 1-49 
reactance, 5-20, 314, 317, 436 
resistance, 5-20, 262-286, 317, 436 
self-capacitance, 3, 6-7, 21, 227-231, 
243 

tilting-coil, 404, 418, 422 
Color sensitivity of photoelectric cells, 111 
Comparator for the determination of 
small currents, 114, 164 
Compensation methods, 142, 154, 155, 
163, 299 

Compton, A. H., and K. T, Compton, 
electrometer, 132 

Concentration, electronic, in ionized 
layer of the upper atmosphere, 
38-40, 420 

Condenser, bridge, 215 
capacitance, 211-232 
charge and discharge, 4, 53, 54-56, 62, 
78-82, 200-205 
in circuit, 4-21 
decrement, 306-310 
dielectric constant, 211-212, 228 
dielectric loss, 5, 7, 277-280, 281, 282, 
283, 284, 286-290, 304-305, 307, 
308 

formulas, 211-214, 223 
frequency factor, 3, 220 
insulation resistance (Icakance), 281- 
285, 286-290, 298 
loading of an aerial and line, 395 
loss, 7, 279, 282, 286-290, 304-305,, 
307,308 

measurements, 211-232 
phase angle, 5, 287, 289, 304, 307 
plate-, 212 
power factor, 307 
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Omuitmwr, for rolaxatimi cuu'iHatinfM, 

m m t in h * 2 , m\ mm 

nfaitc* 2, 214, 3K3 

vnrmhl«% 212 

(iftmluHHim*, mutual ffiihol, 42, 330, 334 
phutoHwlrir, |«*r hiotro, 35! 

Omni nut, 42, 830 8Xh 884 

333 

tliriwlrtr. 211 212, 22K 
pmpaitafiim, 200, 333 
iulw\ 42, urn 

Contact (cryata!) revtiftpr, !MI, 135, 431, 

m 

Contaitl (hnfmontrl, rotwif niitl vo!ta§gf*, 
4, i in 1 2ft, hw urn 

Cortlitljp*, W. 14,, tut aw with Lrtimttl ray*, 

m 

Copper i*hit*1ti, 43 
(km low, MiB 

Oof mil nmwpify, 4144, 421 
Corona voUim»ii»r, 133 
Omtplwl tirrtiit, to III, 234 *Jtll 
Chuplmiu II, 14, 234-2*41 

tmmmi xt'lalton, 13, 13, 5ft 
fisrinr, SI, 14, 234 231 
'fortmilfty II. 14, 234 
imliiflivf*, II, 233 

S!4, 30, 333 
itiim<ii'fl«% Hf 2Hi 
rntNUMifwiwnt of, 214 2141 
riMK?t*fiw»» II, 233 
rrlatmn lw mill uni 2§4 

nmmlmmm*, II, 213 
trattafiirttirr, II, 233 
lr»sf**f«»r!$ipr4ii|i|K^i s 30 
Iffninformrr-1 II* II, 20, SO 

Cry*!*), v*iniari«n*f*tlftci>r» llfi MA, 411, 

m 

pipm-rWinr, m 130 im f 4M 4144 
Oil ft Ptil, 4, 03 Iff 

11 ffl |il i ft* • #i f i* if i, 27, 1144 ■ Ilf, III, I to¬ 
ll 14 

Ailflf V#M», 1 1*4 m 

mmtwirnn, m l» 4 , Its, 118 , 208, i§i 
mi in 
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Current, iUiuuumtum tvlufiun for light- 
wnMitivr* <m*1 K 351 

imhiml in aortala, 400, 401 402, 404 
107 

inm/Mlitm, 20 OH, 104, 3 10, 325, 325 
027 

h*rg»% 53 fiK, 05, 100 
Ipalvagp, 2H1 
ntPiiMurptiiPiil, 05 127 
plMtai'iiu'trm, 104, 103, 107 111 
pint**, 41 

ivn»Mm, ft- 0, 13 20 
ntHtinitittit, 40 41, IU3, 822* 324 
aMetiiuii,, 112 
rnwtll, ill 104, 107 III 
113 

fiimiiitmir, 40 41, 322, 324 
traiiafitruitM*, 33, 100 
very aimill, 104 107, 102-413 
voltage* <4ittnti*torktta f 41, 71, 321, 322,, 
3311, 442 

Cm wot immiuitw, 7-10, 16-20, 21, 174, 

mm, mn 

C**rit» nil fjyiirltf, 200, 423 
Cttrlto, 4, M., o«i flktortael wm&tfk 
jumfyni*, 116 

Curtin, II U t atH®d' 

h»r flmlirig rmMmm of a doohli 
litw* mi I tin Iciwiir ftmtuftimy riuip, 201 
Curv*% for MitmtmHtm bent, Mil 
«»br widiwity of filwfoultiifcfia till, 
111 

(foiwintrtkm from Uma^nm pat-toraa, 

n 

mttmi volimit, 41, 71, 628, S22, 886, 
442 

tftijMriiml* 438 

tfm\%wnry mpmm* % 13, 13, S7 f 20 t 
21. Ill* 172, m, 182, 187, till, 
tm, 124, mu »» f 842, 848, 880, 
486, 428, 4» 488 
Hlhl 111, 831 ^ 
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plbli*fi4ligi f 157, 174, 
822 , si-*'tv 
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D 

Dahl, 0,, on high-voltage tubes, 322 
Damped wave train, 3-4, 397 
Damping factor, 17, 306 
Darrow, K. K., on modem physics, 35 
Davis, A. C., on negative resistance, 
<299 

Davis, R., discussion on the Chubb- 
Fortescue peak voltmeter, 144 
Davisson, C. J., special coordinate sys¬ 
tem for finding total electron emis¬ 
sion, 325 

Daylight electromagnetic waves, 405 
Dean, S. W., on long-wave propagation, 
293 

Decade box, for standard resistance 
(General Radio Co.), 130 
Decelerated electron, 2, 67 
Decibel, transmission unit, 90, 91, 300, 
444-448 7 

Decrement, definition, 306 
determination, 307-308, 430 
in piezo-electric apparatus, 430 
Deflection, of cathode ray, £9-72, 320 
equal, methods, 168, 218, 22175*25, 251, 
252, 276, 281, 283, 288, 347 
half, method, 275 
quarter, method, 272 
Degree, of modulation, 24, 356, 357, 358, 
359, 360, 361, 362, 377, 378 
of vacuum, 34, 319, 326 
Delineation of closed cathode-ray pat¬ 
terns, 75 

Dellinger, J. H., on equivalent condenser 
resistance, 288 

Demodulation, 23, 26, 96, 124, 126, 140, 
141-142, 150, 151-153, 159-160, 
335-337, 379 

Density (electron) in ionized layer, 
38-40, 420 

Derivation of empirical laws, 438-443 
Detection, action, 96, 124, 126, 140-142, 
150-153, 159-160, 335-337, 379 
infra-red ray, 111 

photoelectric current, 104-105, 107 
secondary electrons, 329 
of shot effect, 325 
of small currents, 95-104, 107-111 
of telephone currents, 113 
of thermoelectric currents, 104, 105 
of very small currents, 104-107, 112- 
116 


Determinant solution of simultaneous 
equations, 438 

Detuning, degree of, 17, 19, 307-308, 
428-430 

effect in resistance-variation method, 
270-272 

Diamond, Ii., and E. Z. Stowell, inter- 
* stage coupling for tubes, 57 
Dickey, E. T., receiver tests, 52, 149, 158 
tube voltmeter, 149, 158 
Dielectric absorption (see Absorption) 
Dielectric constant of condenser, 211-212, 
228 

of ground, 290-298 
of ionized layer, 39 
Dielectric decrement, 304, 307-308 
Dielectric loss in coils, 6-7, 242, 278, 279, 
282,283 

in condensers, 304 i 

Dielectric phase angle, 5, 282-284, 287, 
289, 304 

Difference between high- and low-fre¬ 
quency measurements, 2-3 
Differential calorimeter, 85, 276, 280, 305 
Differential thermometer, 86, 276 
Differential transformer, 87, 217, 219, 
244, 257, 259, 267, 268, 282, 287, 289, 
304, 437 

Differential wattmeter, 303-304 
Direct-current amplification, 103, 105 
Direct-current resistance, 48, 262 
Direct indicating frequency meter, 178 
Direct sky ray (wave), 412-422 
Direction effect of electromagnetic wave, 
422 

Discharge, of condenser over resistance 
for linear time axis apparatus, 53-56, 
77-82 

frequency, 4 

phenomena delineated by means of 
Helmholtz pendulum, 62 
Discrete wave trains, 4 
Disk, Nipkow, 382 
Distant frequency calibration, 183 
Distortion, in amplifiers, 350, 370 
current, 4, 116-126, 350 
due to self-excited modulation, 26, 
370, 374 

in microphone, 126 
voltage, 4, 164-168, 350 
Distributed capacitance, 3, 6-7, 21, 227- 
231, 243, 310, 383 
Distributed current, 230, 390-393 
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Distributed inductance, 21, 310, 383 
Distributed potential, 230* BOO 303 
Distributed resistance, 38*3 
Distribution, of coil capacitance, 227 
231, 243 

of cumuli and potentbd along aerials 
and lines, 3110 303 
for electrons, 138, 324 
Disturbance, atmospheric, 430 
Doppler effect {electromagnetic}, 170,370 
Double-hump phenomenon for f*echer 
wire system, 102 

Dtmhle-reiionttnee click, 14, HI, 173 
Double-line capacitance, 223 
Double-line inducttinec, 235 
Double-line resistance, 205 
Dowling, L J., direet-indienting tube- 
capacitance meter, 225 
Downcoming sky ray (wave), 412, 417 
Drawing effect, 51, 172* 185, 432 
Dualism in theoretics! physics, 35 
Duddetl, W„ thertnogalvationieter, 9§ 
Dufour, A., cathode-ray tube#, 63, 82, 83 
Dummy aerial (equivalent aerial), 340, 
341, 307 

Dunmorc, F. W, and F. IF Engel, 
frequency calibratkm with Lecher 
wires, 160 

Duo ton, M, F,, discussion on Moullin 
repulsion am meter, 133 
Dyck, van, A. F., and E* T. Dickey, 
receiver tests, 12 

Dycks, vim, K. 8*, decay of plcso* 
electric vibrations, 411 
dynamic psthode-ray traces for true 
piesoHslcctric excitations* 412 
Dye, D» W*, on currant (intl.rument) 
transformer!, 57 
Dynamic arc rhsmctoristic, 75 
Dynamic rapaeitanec, 2114233, 338 ' 
Dynamic crnistants (line and aerial), 2, 
Ml 

Dynamic permeability (ioeramenUd), 289 
Dynamic tula* ronstanis, 42, 899»3S8 
Dyriamcunetrle apparatus, §§, 101, 128, 
!7i, 130 , t82 f m% 300, mn 
Dynatmn, 38, 175, 328 
eharactaristfo, 174, 32&*339 
for finding LfGR value for current 
trmnmtm\ 285 - IBS 

fmcguency metst, 174 
genarator, 28, 175 


E 

Ear, sensitivity, 338 340 
Earth, Wagner (ground), 217, 241 
Emit hut ii, M», torsion-type wattmeter 
employing dynamometer principle, 
300 

Ebert, II,, electric delleethm of cathode 
ray , 03 

Kckerslcy, T. I#., modulation, 353 
wave propagation, 420 
Eddy current, 3> 104, 305, 311 
meter, 101 

Effect, eleetmmagitetie, Doppler, 170, 
370 

shot, 31, 82, 825 

Effective aerial mid line constants, 838 
Effective constants for ground, 200*4107 
for ionised layer, $8~40, 413-418 
Effective height for seriate, 400 
for ionised layer of atmosphere, 411 
Efficiency, rectifier, 31$ 
of screening, 43-49 
SRnsteixt, A., Lovottts law, 120 
Planck law, B8 

Electric field, in oathoda-my tube, 03-72, 
820 

of electromagnetic wave, 1, 88*89, 
43 44, 349-341, 345, 393422 
general, 30 31, 41, 00-72, 134 
in ionised layer, 38419 
relation to magnetic field in tun, wave, 
30, 43=44, 393, 400, 404 
near the surface of earth, above and 
Inflow ground, 292*298 
Electricity, natures 29 40, 252 
Elect mute tor, 182 -'184 
Electromotive force, induced In aerial and 
frame (loop), 340--341, 400 411 
tmmutmnmit I28*40§ 

Electron, affinity, 828 
aeoslerated, 3, 64 
charge, ii 

concent ml ion in loomed layer, 39-40, 

420 “ ;$M: 

deflection lit cathode-my tube, 05*4$, 
68» 00.71, 820 

due to electric and magnetic fkdd% 
30, $5 60, 08, $0 71, 820 s y;;J 
mnlmkm against posltlvs potonttefc, 40, 
382,1128 «.«■ 

against, small negative and ■ 
potentiate, 41, 150, t|2 
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Electron, flow constituting a current, 30 
fundamentals, 29-40 
mass, 29, 320-321 
primary, 40, 328 
saturation, 40, 322 
secondary, 31, 328 
total, emission, 324 

velocity in tubes, 29, 31, 32, 33, 320- 
322 

Electronic mean free path, 319 
Electrostatic voltmeter, 128, 132 
Electrostriction, 28 

Elliptic polarization, of arriving space 
waves, 420-422 

of cathode-ray patterns, 71-73, 304,309 
Emission, electron (see Electron, emis¬ 
sion) 

Empirical laivs, 438 
Energy, definition, 300 
flux for an electromagnetic wave, 398- 
400 

level, 36, 89, 326 
loss in coils, 7, 277-281, 305 
in condensers, 7, 279, 282, 286-290, 
304-305, 307, 308 
transfer between circuits, 10 
units, 300 

Engel, F. H., frequency calibration with 
Lecher wires, 190 

Englund, C. R., on Lecher wire system in 
short-wave work, 222 
on shielding, 43 
on wave propagation, 404 
Equation, Einstein-Lorentz, 320 
Einstein-Planck, 35 
empirical, 438 
for Lissajous figures, 72 
Richardson, 40, 322 . 

Equivalent circuits, 5, 6, 7, 12, 13, 59, 370 
Equivalent height of antenna, 400 
Equivalent line constants, 383 
Equivalent tube circuit, 59, 370 
Error, bearing, 422 
Esau, A., inductance formula, 237 
Everitt, W. L., on antenna distribution, 
391 

Exploring coil, 312-313 
Eye response, 350-351 

F 

Factor, amplification, 42, 330-333, 334 
frequency, 3, 220 


Factor, power, 14, 306-310 
Fading, effects, 420 
and frequency modulation, 374, 375 
Fast transients made visible, 82 
Fechner law of sound sensation, 338 
Feldman, C, B., design of tube voltmeter, 
158 

Ferrii, G., direct-indicating wave (fre¬ 
quency meter), 179 
Ferris, M,, receiver tests, 52 
Ferromagnetic apparatus, 239, 249-253, 
280, 305, 311-318 

Ferromagnetic definitions, 239-240, 311 
Ferromagnetic measurements, 239, 249- 
253,280,305,311-318 
Fidelity test, 342-345, 350 
Field, J., on bridge measurements, 216 
Field, electric, 30-31, 41, 69-71; 134, 
292, 320, 345, 400, 404, 418 
electromagnetic relations, 1,38^39, 43- 
44, 292-293, 340-341, 345, 398- 
422 

magnetic, 30, 45, 65-66, 68, 239, 240, 
311-316, 400, 404, 418 
oscillator, 52, 345, 409 
Filament, emission, 40-41, 150, 152, 
322-323 V - 
shot effect, 31, 325 
Filter, low-pass, 125 

Fischer, C., resistance-variation method, 
269 ‘ * , 

Fleming, J. A., differential thermometer, 
276 

bridge system for determining capaci¬ 
tance, 219 ,,' 

Fletcher, H., on threshold feelinf and 
audibility of sound, 338; 839 
Fluorescent screen, 63-64, 67 t 
Fluorescent spot, 63-64, 65, 67, 68 
Flux density, magnetic, 239-240, 311- 
316 

Focusing, of cathode ray, 63, 65-67 68 
coil, 63, 65, 68 
cylinder, 67 

Foot candle, intensity of illumination, 
351 

photoelectric current relation, 351 
Force, on -electron, 29-30, 43, 70, 323 
magnetic, 30, 65 f 69 
magnetomotive, 311 
Form factor, 145-146, 236, 336, 337 
Fortescue, C. L., tod Chubb, peak 
voltmeter, 144 
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Frame (loop) aerial, 345, 346, 348, 397, 
m, 404, 405, 406, * 408, 409, 410, 
411, 414-422 

Franks, G. J., on, receiver tests, 52 
Forward tilt of electric field vector, 292, 
405, 413*419 

Free (mean) path, electronic, 319 
molecular, 319 

Frequency, band, 1, 170, 339, 350, 354, 
366 

calibration, 74-75, 182-210 
compared with wave length, X, 169, 
419-463 

control by means of relaxation oscilla¬ 
tions, 53, 200-205 
definition, 1, 169 
determination, 74-75, 169-210 
of dynabron oscillator, 28, 175 
electromagnetic Doppler effect, 170, 
370 


Frequency, spectrum, 1, 170, 366 
subharmonic, 53, 185-189, 199-205 
television, 382 
unit, 1 

wabbling, 185 

wave-length relation, 1, 169, 449-463 
Friis, H. T., amplification measurements, 
347 

tube voltmeter, 154 
on wave propagation, 404, 421 
Fundamental frequency (wave length), 
for aerial and line currents, 222, 248, 
383, 387, 389, 392, 393-396 
for coil oscillations, 6, 228, 230, 242 
for magnetostriction elements, 28-29 
for piezo-electric elements, 196, 424— 
425 

(See (lino Frequency) 

Fundamental relations and' circuit prop¬ 
erties, 1-49 


factor of a condenser, 3, 820 
fundamental, 4, 28, 60, 62-66, 73-74, 
78, 80, 82, 116-127, 139, 140, 141, 
162-163, 164-168, 171, 176, 176- 
178, 181, 182, 186, 187-189, 190- 
206, 208, 218, 227-228, 220, 230, 

> 242, 246, 278, 866, 388, 389, 396, 

424 

harmonic* <§ 20, 21, 22, 58, 73-74, 78- 
82/ 116*426, 139, 140, 141, 164- 
168, 176-478, 187-205, 207, 218, 
229, 230, 246, 289, 295 
low, measurements, 74-75, 205-210, 
213, 240-242, 249* 253, 285, 332, 
338, 834, 335, 341, 3424145, 350 
measurement, 74 -75, IffMIlO 
of remote stations, 183 
meter, 50, 171 
modulation/* 864, 864-382 
natural, of aerials and lines, 189—192, 
222, 248, 383, 389* 392, 393, 395 
of coils, 6, 228, 230, 242 
in ionised layer of atmosphere, 40 
of magnetostriction rods, 28-29 
of piezo-electric elements, 196, 424- 
426 

of sonometer, 199 
precision determination, 199-205 
of radiant energy, 35 
of relaxation generators, 62-56 
response chameterktk, 339, 342-845, 
350, 351-362 

seconds ry standardization, 182 


G 


Gabriel, F./ receiver tests, 52 
Galvanometer, ballistic, 82, 214, |31 
Duddeil, 97-98 
eddy-current, 101 
short-circuit ring, 101 
tube, 103, 106, 107 
vibration, 379 
Gas, glow-tube, 63 
glow-tube oscillator, 53, 79 
ionization potential, 33, 104, 325 


ionized, 29-4Q 
radiation potential, 36, 325 
tube, oscillation stabilized, 53, 79 
as stroboscope, 206 

Gear-shaped cathode-ray patterns, 194 
Gehrts, A., on secondary-electron emis¬ 
sion, 328 

Geissler tube, 37, 206 _ 

General Radio Co., 52, 129, 130, 148, 174, 
184, 187, 200, 201, 203, 204, 206, 207, 
216, 216, 231, 241, 285, 300! 335, 379 
Generator, beat-frequency, 185 


lynatron, 28, 175 

iiectron tube, 60-62, 54-56, 172, 174- 
175, 185, 196, 201, 204, 361, 379, 
373, 392, 409, 432, 433 
glow-discharge, 53, 79 ■ 'gL 

harmonics used advantageously ** 
measurements, 4, 53, "3-75, " 

so. 182. 185-205, "*« OOQ 
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Generator, laboratory, 50-56, 175, 409, 
432, 433 

multivibrator, 54-56, 80, 201, 204 
piezo-electric, 196, 201, 204, 432, 433 
for the production of small standard * 
voltages, 52, 129, 162-163 
relaxation, 53-56, 79-82, 200-205 
signal, 52, 409 

Giebe, E,, bifilary bridge for high-fre¬ 
quency work, 217 

decrement determination on piezo¬ 
electric elements, 431 
piezo-electric glow-discharge resonator, 
.180 

on resonance bridge, 208 
Glasgow, R. R,, on current transformers, 
57 

Glow-tube generator, 53, 79 
Gonbau, G., bn the height of the ionized 
layer of the upper atmosphere, 411 
Goniometer in measurements, 419 
Gray, A., on inductance formulas, 237 
Grid, anode capacitance, 42, 216, 225, 231 
bias, 81, 103, 106, 106, 107, 109, 112, 
*138, 140, 142, 143, 147, 148, 149, 
150, 154, 159, 195 
capacitance, 42, 216, 231 
current, 42, 112, 163 
as a measure for the amplitude of 
18 the generated high-frequency cur¬ 
rent, 163 

dip method as resonance indicator, 
14, 51, 173, 183 

filament capacitance, 42, 216, 231 
leak, 51, 54, 81, 105, 108, 112, 150, 
282, 285 

relaxation generator, 50, 81 
modulation, 354 

plate capacitance, 42, 210, 225, 231 
rectification, in certain tube volt¬ 
meters, 138, 146, 149, 151, 158 
resistance, 333 

voltage-grid current characteristic, 160, 
329 

voltage-plate current characteristic, 
41, 112, 330, 354 

Grbsser, W., on cathode-ray tubes, 63 
Ground, dielectric constant, 290-297 
effect on effective height of aerials, 
291, 403 

electromagnetic waves in, 292-297 
index of refraction of, 290 
resistance, 290-297 


Ground, Wagner, 217, 241 
Group, time of electromagnetic wave 
propagation, 410 

velocity of electromagnetic wave prop¬ 
agation, 39, 416 

Grover, ,F. W., on inductance formulas, 
237 

on resistance formulas, 203 
Gruneisen, E., on resonance bridge, 208 
Grtitzmacher, M., on current analysis, 
116 

Guierrc, M., on wave propagation, 404 
H 

Hagemeister, H., on resonance bridge, 

" 208 

Hahnemann, W., on direct-reading fre¬ 
quency (wave) meters, 180 
Hall, E. L., on frequency standardization, 
200 

Hanna, C. R,, on air gap and iron-core 
coil design, 239-240 

Hapsted, L, R., on high-voltage tubas, 
322 

Harmonic addition, 22, 186 
Harmonic content, 4, 116-126, 104-108, 
176-178 

Harmonic current analyzer, 116-126 
Harmonic effect on meters and readings, 
4, 20, 116-122, 124, 126, 164-166, 
170-178 

Harmonic frequency analyzer, 116-120, 
104-108, 186-205 

Harmonic frequency standardization, 74- 
75, 186-205 

Harmonic interference, 23 
Harmonic method for analysis of voltage 
and current, 116-126, 164-168 
for finding self-capacitance of a coil, 
229 

Harmonic methods for frequency, capaci¬ 
tance, and inductance determina¬ 
tion, 180-205, 218, 229, 246 
Harmonic multiplication, 23 

and division, 23, 53, 74, 180-205 
Harmonic patterns on the fluorescent 
screen of cathode-ray tubes, 72, 
74, 192, 194 

Harmonic submultiple, 53, 65, 180-205 
Harmonic voltage analyzer, 104-108 
Harvard University, 28, 63, 208, 821, 4S2 
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Hausrath, H., on cathode-ray tubes, 63 High frequency, inductance 
on differential transformer at audio 383-398 J . 250, 


frequencies, 88 

foil for iron core at high frequencies, 
301 

on tube bridge, 99 
on tube phase meter, 309 
tube wattmeter, 303 
Hay, C. E,, bridge, 209 
Hazeltine, L. A., semiempirical induc¬ 
tance formula, 236 

Heaton, V. E., and W. H. Brattain, 
on piezo-electric standard (portable), 
200 

Heaviside, O., on resistance formulas, 263 
Heegner, K, on piezo-electric crystals, 
431 

Height, effective, of aerial (antenna), 400 
of ionized layer of upper atmosphere, 
411 

of loop (frame) antenna, 402 
equivalent (see Height, effective) 
Heilmann, A,, on modulation, 353, 372 
Heisenberg, W., on spectroscopy, 35 
Hewing, E. A., on modulation, 358 
on wave propagation, 411, 412, 416 
Helium, S3, 30 

Helmholtz, IE, coil, for deflecting a 
cathode-ray beam with a uniform 
field, 70 

pendulum, description, 62 
for discharge curves, 02 
for finding piezo-electric decrement, 
432 

for total electron emission, 325 
Herd, J. 3)\, on linear tima axis apparatus, 
78 

on statics, 486 
Hertz, XL, aerial, 1, 892 
aerial feed, 392 
dipole, 899 
rod, 1, 404, 418, 422 

Heterodyne action, 22,124-120,185-189, 
421 

Heterodyne generator, 14, 50, 172, 186 
Heterodyne method for measuring very 
small capacitance, 224 * 

Heydweiller, A., on'resonance bridge, 208 
High frequency, amplification, 345 
capacitance, 210-231, 383-308 
current, 4, 96-127 
current meters, 06-127 
generators (sources), 50-66, 409 


measurements compared with low 
frequency measurements 2 
mutual inductance, 254-261 * 
oscillograph, 61-85 
phase meters, 308-310 
resistance, 262-299, 383-398 
transformer, 56-61, 100 
useful apparatus (see Apparatus) 
voltmeters, 128-168 
wattmeters, 300-305 
Hoare, 8 . d, tube voltmeter, 147 
Ho as hi, 1,, direct-reading audio-fre¬ 
quency bridge, 209* 

Hohage, K,, tube voltmeter, 139 J 14 q 
H ollingworth, J., on wave propagation 
404, 416 

Hopfner, K, on tube voltmeter, 139 
Horton, F., on negative-resistance meas¬ 
urement’ 299 

Horton, J. W., on empirical analysis of 
complex waves, 116 

Hot-wire current and voltmeter IOO 
130 

Hot-wire frequency meter, 179 
Hot-wire thermometer, 101 , 276 
Hot-wire wattmeter, 300 
Houldson, O. J., on aerial feeders, 391 
Howe, G. W. O., antenna capacitance 
formula, 385 

on magnetic conditions of a coil with 
an iron core, 239 

on shielding of electromagnetic waves, 
43 

on wave propagation in the ionized 
layer, 411, 414 - 

Hull, A, W., amplification of photo¬ 
electric currents with, screen-grid 
tubes, 108. 

determination of shot effect, 325 

of very small interelectrode capaci¬ 
tance, 225 

dynatron, an apparatus with decided 
negative resistance, 27, 328 
inductive potentiometer, for producing 
very small standard high-fre¬ 
quency voltages, 129 
Hull, L. M., on piezo-electric frequency 
• standardization utilizing relaxation 
stabilization, 200, 203 
Hum tests, 341 
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Humbert, Lam4 and Mathieu functions, 
365 

Hydrogen, atom, 33, 36 
molecule, 33 
Hysteresis, angle, 301 
magnetic, 301, 311-313 
in thermionic tubes with gas traces, 327 

I 

Ideal condenser, 5, 287, 289, 306-307 
Ideal twisted wire (Litz), 266 
Idiostatic connection of electrometer, 132 
Iinuma, H., dynatron circuit in measur¬ 
ing systems, 174, 285 
Illumination, photoelectric current rela¬ 
tion, 351 

Immersion method, for coil capacitance, 
229 

for coil losses, 85, 305 
for coil resistance, 85, 276, 280 
for core (iron) loss, 85, 280, 305 
Impedance, 5—18, 383-393, 436 
aerial and line, 383-393 
characteristic (surge), 383-388 
circuit, 5-18, 436 
matching, 60, 432-433 
measurements, 383-393, 436 
Incident, ground wave, 292, 412, 418 
sky wave, 412-418 
Incremental permeability, 239 
Index; of refraction, for ground, 290 
for ionized layer of upper atmosphere, 
413 

Indicator, beat, 146, 185, 186, 199, 207 
bolometer, 97, 99 
bridge (see Bridge) 
current, 95-127 
frequency, 169-210 
of infra-red and similar rays, 111 
phase, 309 
power, 301 
power factor, 308 
small current, 95-104, 107-111 
telephone, 113 
thermocross bridge, 98, 302 
very small current, 104-107,112-116 
zero (disappearance) current, 87, 96-99 
Indirect wave (ray), 412-422 
Induced current in aerial, 340, 341, 345, 
405-422 

in coil, 12-16, 56-61, 340, 345, 405-422 
in step-over resonator, 182 
in tertiary circuit, 272-274 


Induced voltage in aerial, 340, 341, 405- 
422 

in coil, 12-16, 56-61, 340, 345, 405-422 
Inductance, mutual, absolute value, 254 
coupling, 11, 256 
and coupling factor, 254 
definition, 254 

dynamic (high-frequency), 255-261 
formulas, 254 

measurement, 255-261, 409-410 
units, 254 

inductance, self, absolute value, 233 
antenna and line, 2, 383-398 
bridge, 241, 249-253 
choke-coil, 241, 249-253 
coupling, 11, 256 
definition, 233 

dynamic, 2, 240-253, 383-398 
equivalent, 2, 383-398 
formulas, 233-244 
general information, 233-253 
large, 241-253 

measurement, 240-253, 383-398 
of small values, 246 
parallel-wire, 234-235 
potentiometer, 129 
of single wire, 233 
static, 2, 240, 383 
per unit length of line, 233-235 
units, 233 

Infra-red indicator, 111 
Inouye, J., on corona.yoltmeter, 135 
Institute of Eadio Engineers, 322, 324, 
338, 346, 404, 409 
Instrument transformer, 56, 100 
Insulation, capacitance, 232 
resistance, 281-285 

Intensity, electric-field, 1, 38-39, 43-44, 
340-341, 345, 398-422 
of illumination, 351 

magnetic, for coils, etc., 30, 65-66, 09- 
70, 239-240, 311-316 
of electromagnetic wave, 1, 38-39, 
43-44, 340-341, 345, 398-422 
Interaction between harmonics, 23 
Intercept method, for finding coil 
capacitance, 228, 243 
for finding line and aerial constants, 
395 

Interelectrode capacitance, 42, 216, 225, 
231,337 

Interstage coupling, 59, 60, 255 
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Ion, fundamentals, 29-40, 64 
number of the upper atmosphere- 
39, 420 

Ionic bombardment, 64 
Ionic concentration, 39, 420 
Ionization, current, 29-40, 105, 326 
potential, 33-34, 104, 325 
in tubes, 64, 104, 326-327 
voltmeter (corona), 135 
Iron, chokes, 239-240, 249-253 
core instrument (current) transformer, 
57, 100 

core transformer, 56, 100 
eddy currents in, 311 
equivalent increase in resistance, due 
to, 280, 314, 317 
flux density in, 311, 312 
hysteresis in, 311, 312 
incremental permeability in, 239 
loss, 305, 316 

magnetic units and relations, 311 
magnetizing component due to, 314 
magnetizing force in, 311, 312, 314 
permeability, 239, 311, 313 
power component due to, 314, 316 
Isshiki, T\, on corona voltmeter, 135 

j 

Jackson, J. E., on ferromagnetic measure¬ 
ments, 312 

J&ger, B. W., on skin-effect ratio, 48 
Jftger, W., tube galvanometer, 103 
Jansky, C. M,, Jr., on design of tube 
voltmeters, 158 ‘‘if' 
Jarvis, K. W., on receiver tests, 52 
on modulation meter, 363 
on tube voltmeter, 155 
Jen, G. K., on wave propagation, 411 
Jensen, A, G,, amplification with re¬ 
generation, 347 

Jimbo, S., on resonance bridge, 208 
Johnson, J, B., on cathode-ray tubes, 
63,312 

Joos, G., on time curves from Lissajous 
figures, 77 

Judson, E, B., comparator, 114 
field-intensity measurements, 404, 407 

K 

Kaufmann, W., on ferromagnetic condi¬ 
tions, 312 


Keinath, G., on instrument (current) 
transformers, 57 

Kelvin, Lord, ber and bei functions, 
263-264 

on high-frequency resistance, 263- 
multicell electrometer, 132 
Kenrick, C. W., on wave propagation, 
411 

Kerr cell, 435 

King, R., on shield grid tube voltmetei", 
157 

Kipping, N. Y., on cathode-ray patterns, 
194 

Kirchner, F., on electronic charge to mass 
ratio, 321 

Knoll, M. J., on Lenard windows of 
cathode-ray tubes, 63, 83, 84 
Knudsen, V, O., on sound sensation, 
339 

Kruger, K., on ferromagnetic measure¬ 
ments, 312 

Kruse, R. S., on signal generator for* 
receiver tests, 345 
Kuhlmann, C., receiver tests, 52 
Kurowkawa, K., on audio-frequenoy 
bridge, 209 

l* 

Laboratory apparatus, 50-94, 97-1025, 
129-136, 142-150, 154-157, 171-174, 
199, 409 

Lag, time, in thermionic tubes, 32 
Lambert’s cosine law, 351 
Landeen, A. G., on current analysis, 116 
Lange, H., secondary-electron emission, 
328 

Langmuir, L, space-charge equation, 
40-41 

Large-capacitance determination, 221 
Large current determination, 56-58, OS, 
100 

Large inductance determination, 241—2SS3 
Large resistance determination, 281 
Latour, M., on ferromagnetic properties, 
301 

Law, empirical, 438 
Fechner, 338 
Lambert, 361 
Snell, 420 

Weber, on sound sensation, 339 
Layer (ionized), constants, 39, 411-4:23 
equivalent height of, 411 
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Layer (ionized), formulas for, 39, 411-422 
group velocity, 39, 413-416 
height of, 411 
index of refraction, 413 
ionic concentration, 39, 420 
phase velocity of, 39, 413-416 
Leakage, in condensers and insulators, 
281, 282 

resistance, 281-285 

Lecher wires, for the determination of 
small C and L values, 222, 248 
feed for aerials, 392 
for frequency standardization, 169, 189 
Lenard, P., rays and. window, 63, 83, 84, 
320 • 

on secondary-electron emission, 328 
Light, effects on vacuum and gas cells, 
351 

flux output voltage relation for a 
photoelectric cell, 351-352 
infra-red modulated, 111 
photoelectric detection of, 105-111, 
351-352 

selenium detector for, 111-112 
sensation* 350-351 
spectrum, 350 

theory, classical and modern compared, 
35 

Lindemann, R., on current (instrument) 
transformers, 57 

measurements on Litz wires, 266 
originator of resistance-variation 
method, 269 

Lindsay, R. B., on sound sensation, 339 
Line, attenuation, 384r-390 
capacitance, 383, 393-398 
characteristic impedance of, 384r-390' 

• distributions of voltage and current, 
383, 390 

impedance, 383, 388 
inductance, 383, 393-398 
integral, 44 

loaded with characteristic impedance, 
386 

with reactance, 393-396 
measurements, 383-403 
propagation constant, 296, 384-388 
reactance, 383, 388, 395 
resistance, 265, 383, 386-388, 390, 
396-400 

loaded and terminated, 386, 397 
surge impedance of, 384-390 
velocity of propagation of, 389 


Line, wave-length constant of, 389 
Linear time axis apparatus, 77-83 
Lissajous figures (patterns), 71-77, 192, 
301, 304, 309 

due to harmonic-frequency ratio, 74 
interpretation and delineation, 75-77 
Ryan pattern, 75 

showing phase angle, 72, 304, 309 
Litz, ideal twisted wires, 266 
Loading of aerials and lines, 383-396 
Local oscillator, 50-52, 345, 409 
Loest, W., on modulation, 353 
Logarithmic boundary of condenser 
plates, 213 

Logarithmic decrement, definition, 306 
determination, 307-309, 430-432 
formulas, 9, 17-20, 306-308, 430-432 
of piezo-electric elements, 430 
Logarithmic plots (graphs), 40, 323, 440- 
443 

Long coils/applied to measurements, 230, 
310 

formula, 235-237 
as recurrent network, 21, 310 
voltage and current distributions, 230 
Long electric conductor, 2 
Loop (frame) aerial, effective height, 402 
induced voltage, 345, 404r-4il 
measurements with, 345, 348, 404-422 
resistance, 397 
tilted, 418, 422 

Lorenz, L., inductance formula, 235 
Lorentz, H. A., .electromagnetic-field 
equation, 43 
relativity relation, 320 
Low frequency, capacitance, 214-215 
inductance, 241, 249-253 
measurements compared with high- 
frequency measurements, 2, 214- 
215, 383 

resistance, 263, 265, 267, 278, 285, 383 
standardization, 205-210 
Ltibcke, H. R., direct-reading tube volt¬ 
meter, 158 

Lumen, light flux, 351 
Lumen conductance relation of a photo¬ 
electric cell, 351 
Lumped aerial, 340-341, 397 
Lumped capacitance load and distributed 
aerial constants, 395 
Lumped inductance load, 395 
> Lumped reactance load, 395 
Lumped resistance load, 386, 397 
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Lumped tube constants and tube circuit, 
41, 59, 139, 363, 370 

Lunium, F. O., on wave propagation, 404 
Lutz, (J. \Y„ on (4<‘ctremoter, 133 
Lyman, 11. T., on Turner's conatant- 
iinptMlanee method for finding large 
choke inductances, 253 

M 

MaeKenzie, IX, sensation of loudness, 
339 

Magnetic field of coils, 30, 45, 65-66, 68, 

69 72, 230.231, 311 316 

earth and its effect on electromag¬ 
netic propagation through ionized 
layer, 40 

electromagnetic wave, I, 3X 39, 43-44, 
340-341, 345, 398 422 
energy of electromagnetic wave, 399- 
400 

through ionized layer, 40 
Magnetic flux density, 311 -316 

Magnetic hysteresis, 301, 311.313 

Magnetic incremental permeability, 239 
Magnetic lag angle, 301 
Magnetic permeability, 239, 311 316 
Magnetizing current, 316 
Magnetostriction, 28 
Mandelstam, L., short-circuit ring dyna¬ 
mometer, 101, 180 

Manning* C\ T., checking the frequency 
of broadcast stations, 200 
Morrison, W, A,, beat counter, 207 
on high “precision piezo-eleetrk fre¬ 
quency standardization, 200, 201 
Martens, b\ Id, on delineation of Lmsa- 
jmtH figures, 76 

Martin, Do Ixws K., on wave propaga¬ 
tion, 353, 872, 375, 416 
Mass, of atom, 29 
of electron, 29, 320-821 
relativity, of electron, 29, 320 321 
Matching of circuits, 12, 58 
Mnthieit functions, 365 
Matrix calculus, 35 

Minus, K„ cat hodc-rny-tube method for 
tie ten tuning am pH tude modulation, 

360 

on time curves from Lissajous figures, 

77 

Maximum (peak) voltage measurement, 
184 445 


Maximum phase deviation in phase 
modulation, 368-371, 373, 377-382 
Maximum values of voltage and current, , 
4, 128-168 

Maximum voltage formula, 4 
Maxwell, J. C., displacement current, 38 
field equations, 293 

generalized field equation for ionic 
medium, 38-40 
resistance formulas, 263 
velocity distribution, 41, 138, 324 
McEachron, K. B., on fast transients, 82 
McLachlan, N. W., on instrument (cur¬ 
rent) transformers, 57 
on magnetic measurements, 317 
McNamara, F. T., on tube wattmeter, 
302-303 

Mean free path for electrons, 319 
for molecules, 319 

Mechanical force due to electric field, 30 
on electron, 29-30 
due to magnetic field, 30 
Medium, W. B,, tube voltmeter, 156 
Meissner, A., piezo crystals, 431 
Mercury, 33, 30 

Merritt, E., on polarization of received 
waves during sunset, 404, 421 
Metcalf, G. F., determination of very 
small currents, 104 
Meter, ampere, 95-127 
current, 95-127 
frequency, 50, 171 
peak voltage, 134-145 
phase, 309 
power factor, 308 
volt, 128-108 
watt, 300* 305 
wave, 50, 171 
Metcnunpc.ro, 401 

Meyer, £., on harmonic analysis, 110 

Mierophonie distortion, 120 

Mile of standard cable, compared with. 

transmission units, 444 
Miller, J. M,, determination of effective 
antenna constants, 390 
method for finding amplification factor 
and dynamic-plate resistance of 
tubes, 332 

tank circuits for piezo oscillators, 432, 
433 

on tube measurements, 322, 332 
Minton, J. P., cathode-ray-tube watt¬ 
meter, 301 
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Modulation, amplitude, 23-26, 353-358, 
366, 370, 371, 374, 376-382 \ 

degree of, 24, 356-362, 374-375, 377- 
379 

frequency, 26, 354, 364-382 
and amplitude, 366-367 
and phase, 364-382 
phase and amplitude, 371, 373-374, 
376-382 
grid, 354 

of infra-red rays, Ill 
measurement, 23-26, 353-381 
phase, 364-382 
plate, 356 
in receivers, 370 
symmetrical, 24, 357 
television, 382 

translation of frequency into ampli- 
'•. 1 tude, 354 . 

of phase into amplitude, 370 
unsymmetrical, 357 
in wave propagation, 26, 370 
Molecular mean free path, 319 
Moller, EL G., on current transformer, 57 
on resistance determination, 274 
on secondary-electron emission, 328 
on tube voltmeter, 138, 152 
' More, C. E,., on harmonic analysis, 116 
Morecroft, J. EL, on shielding, 43 - 
Morgan, Brooks, and Turner, inductance 
formula, 235 

Moullin, E. B., detector type of direct- 
indicating tube voltmeter, 138, 146 
repulsion ammeter, 126 
Multilayer coil, 3, 236-237 
Multiplication of harmonic relations, 22 
Multivibrator, 54-56, 80, 201, 204 
Murray, Erskine J., on radiation, 400 
Music, frequency range, 171, 343 
Mutual conductance, 42, 334 
Mutual inductance, 58, 254-261, 409, 
(See also Inductance, mutual) 

N 

Nagaoka, H., inductance formula, 235 
Napierian unit for transmission, 90, 300, 
444 

National Physical Laboratory, Teddingr 
ton, England, 57, 237, 265, 418, 419 
Natural frequency (wave length), aerials 
and lines, loaded and unloaded, 
189-192, 222, 248, 383, 389, 392-395 


Natural frequency (wave length), coil, 
6, 228, 230, 242 
Elertz aerial, 392 
ionized gas, 40 
magnetostriction rod, 28-29 
piezo-electric element, 196, 424-425 
sonometer, 199 

Negative resistance, accelerater, 27 
amplifier, 27 - 

in circuit, 26-28, 87, 174, 285, 298, 
328-329 

definition, 26-28 
determination, 298-299 
frequency meter, 174 
for measuring L/CR for parallel 
resonance, 285 

oscillator (dynatron), 27, 174, 285 
zero current indicator, 87 - 
Nelson, Ii.,* measuring very small cur¬ 
rent, 104, 105 
freon, 33, 36 

Neper unit, 90-91, 300, 444 
Network, measurements, 436 
recurrent, 21, 310 
Nicol prism, 435 
Nipkow disk, 382 
Nitrogen, 33 
Nucleus oi atom, 29 

Number of ions in ionized medium, 39, 
420 

O 

Oakley, II. D., on transformer, 57 
Ohmic resistance, 30, 262 
O’Leary, J. T., on resonance bridge, 208 
Omnes, K, on superconductivity, 262 
Optical system, for Kerr cell, 435 
for photoelectric cell, 351 
for testing piezo-electric elements, 423 
Osbon, W. O., on magnetic properties, 
239 

Osch,wald, U. A., tube voltmeter, 156 
Oscillation, amplitude, 4 
constant, 454 
dynatron, 28, 175, 328 
electronic and ionic, 40 
frequency for aerials, 189-192, 222, 
248, 383, 389, 392-395 
for closed circuit in parallel res¬ 
onance, 7-8 

in series resonance, 16, 171 
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Oscillation, frequency for coil with self¬ 
capacitance, 6, 228, 230, 242 
for coupled circuits with damped 
currents, 4, 14, 261 
with sustained currents, 14 
for ionized medium, 40 
for magnetostriction rod, 28 
for piezo-electric generator, 196, 
424-425 

glow-tube, 53, 79 

multivibrator, 54-56, 80, 201-204 
relaxation, 53, 79, 201-204 
Oscillator (see Generator) 

Oscillatory detector, 95 
Oscillogram, 54, 201, 350, 357, 372, 431 
cathode-ray patterns, 72-77, 82, 84, 
192, 194, 301, 304, 309, 312, 313, 
330, 360, 373-374, 421, 432, 436 
cathode-ray traces, 75 
Oscillograph (high-frequency), applica¬ 
tion; 61-85 
principle, 61, 63 
theory, 65, 69-77 

Output circuits, 12, 15, 20, 51, 52, 60, 89, 
162, 163 
Oxygen, 33 

P 

Palerno, A. J., on effective resistance, 263 
Palm, A., glow-tube voltmeter, 136 
Papalexi, N., short-circuit ring galva¬ 
nometer, 101, 180 

Parallel-plate condenser formula, 212 
Parallel resonance, 6-9, 16-20, 285 
Parallel-wire system for determining 
small values of C and L , 222, 248 
for frequency standardization, 169, 189 
Parallel wires as feeder, 1, 392 
Path, mean free, for electron, 319 
for molecule, 319 

Pattern, cathode-ray (see Oscillogram, 
cathode-ray pattern) 

Pauli, H,, resistance determination, 274 
on spectroscopy, 35 
Peak voltage, 4, 134-145 
Pedersen, P. O*, on wave propagation, 
416, 422 
Peltier effect, 99 

Pendulum, Helmholtz, 62, 325, 432 
Period, compared with frequency *and 
wave length, 1, 169 


Permeability, high-frequency, 311-316 
incremental, 239 
magnetic, 311 

Perry, C. T., on electronic charge to mass 
ratio, 321 

Perry, J., Ayrton-Perry winding of high- 
frequency resistance, 88, 129 
Pession, C., triangulation method for 
• finding effective aerial height, 403 
Peterson, E. O., tube wattmeter, 302, 303 
Phase of condenser, 283-284, 287 
of feed back in an amplifier, 349 
Phase angle, 5, 14-18, 25-26, 282-284, 
287, 306-310 

Phase difference, 306-310 
with a recurrent network-, 310 
Phase meter, 309 
Phase modulation, 364-382 
Phase time of electromagnetic wave in 
ionized layer, 416 
Phase velocity, 39, 413 
Photoelectric cell characteristics, 351-352 
Photoelectric current amplification, 104- 
111 

Photoelectric effect, 35 
Photoelectric sensitivity of metals, 111 
Photographing cathode-ray traces, 83 . 
Physikalisclie Technische HeichsanStalt, 
Charlottenburg, Germany, 180, 208, 
217, 431 

Physiological response of ear, 339 
of eye, 350 

Pierce, G. W., magnetostriction oscil¬ 
lator, 28 

piezo-electric generator, 432-433 
on resonance bridge, 208 
Piezo-electric crystal cuts, 423-434 
Piezo-electric decrement, 182, 430 
Piezo-electric design formulas, 1,96, 424r- 
425 

Piezo-electric dynamic constants, 181, 
432 

Piezo-electric effects, 28, 425 
Piezo-electric equivalent constants, 181, 
425 

Piezo-electric equivalent resonator, 181, 

, 425 

Piezo-electric experiments, 425-434 
Piezo-electric frequency, 181, 196, 424- 
425 

Piezo-electric frequency standardization, 
196-205 
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Piezo-electric measurements, 196-205, 
425-434 

Piezo-electric orientation of axis, 423 
Piezo-electric oscillator, 196-205, 370, 
425-434 

Piezo-electric oscillograms, 432 
Piezo-electric resonance curves, 430 
Piezo-electric resonator, 181, 425 
Planck, M., constant, 35 
reflection ability of metals, 43 
Plate capacitance, 42, 216, 225, 231, 
337 

Plate condenser, 212 
Plate current, 42, 322-324 
Plate filament capacitance, 42, 216, 
231, 337 • 

Plate grid capacitance, 42, 216, 231, 337 
Plate modulation, 356 
Plate rectification, 151, 158 
Plate resistance, 41, 332-333 
Plendl, PL, cathode-ray patterns inter¬ 
preted, 77 

on magnetic measurements, 312 
Poisson equation, 79 
Pokar, E., on magnetic measurements, 
312 

Pol, van der, B., on modulation, 353, 359, 
365 

on relaxation oscillations, 53 
on secondary-electron emission, 328 
Polarisoope for testing piezo-electric 
crystals, 423 

Polarity tests on piezo-electric elements, 
425 

Polarized cathode rays, 71 
Polarized electromagnetic waves, 404-422 
Polarized light, 435 
Positive bombardment, 63 
Positive charge, 29 
Positive ion, 29, 64, 66, 326 
Posthumus, K., on modulation, 359 
Potential, accelerating, 63, 67 
decelerating, 67 

distribution along aerials and coils, 
230, 383, 390 
divider, 128-130 

gradient, 30-31, 38-39, 41, 43-44, 70, 
134-135 

grid, 150, 329, 330, 354 
lumped, 41, 59, 139 
measurement, 128-168 
radiation, 36, 325 * 

retarding, 37 


Potential, vector, 36, 38 
Potentiometer, reactance, 128 
resistance, 128 

Potter, R. K., on wave propagation, 353, 
372, 375, 416, 422 
Power, definition, 300 
factor, 14, 306-310 
gain, 300-301, 330, 444 
level, 89, 300 
loss, 300-305, 444 
radiated, 398-400 
sensitivity, 333 
transfer between circuits, 10 
units, 300 
Poulsen arc, 27, 75 
Poynting, on radiation, 398 
Pressure, in cathode-ray tubas, 63 
and mean free path relation, 319 
sound, 338-340 
in thermionic tubes, 34, 319 
Preston, J. L,, on condenser and insulator 
measurement, 288 
Prism, crystal quartz, 423 
nicol, 435 

Propagation, along aerials and lines, 169, 
189, 222, 248, 383-403 
constant, 296, 885 

of electromagnetics waves in ground, 
292-297 

in ionized layer, 38-39, 411-420 
in ordinary atmosphere, 43-44, 398- 
411 

with group velocity, 39, 416 
with phase velocity, 39, 416 
Proximity effect; 399 
Pulling effect in tube circuits, 172, 185, 
432 

Pupin, M, J,, on current analysis, 116 
Pusch, J., on ground measurement, 296 
Push-pull circuits, 102,124, 125, 144, 154, 
155, 207, 303, 309, 870 
Push-pull phase meter, 809 
Pyromotrio method, optical, 323 

Q 

Quality, of piezo-electric element, 425 
of vacuum, 326 
Quantum, 29, 81, 35, 825 
Quartz, crystal, 428 
Curie and 80-deg. cuts, 423 
measurements, 181, 196, 424-484 
oscillator, 196-205, 370, 425-484 
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Quarts, resonance curves, 430 
resonator, 181, 425 

R 

Radiant energy, 2 
Radiated power, 2, 398-400 
Radiation, of electron, 2, 35 
field, 2, 399 
near aerial, 399 
potential, 36, 325 
resistance, 2-3, 298, 398-400 
4i Radio Amateur’s Handbook” of the 
American Radio League, on aerial 
feeders, 391 

Ratio, of electronic charge to mass, 33, 
321 

Rayleigh, W., on inductance formulas, 
237 

on resistance formulas, 263 
Reactance, of aerial, 388, 395 
of circuits, 6-20, 436 
of coil, 6, 436 
of condenser, 5, 436 
law, 10 

of line, loaded and unloaded, 388, 395 
measurement, 888, 395, 436 
potentiometer, 128 
Received current, 340, 345, 400-422 
Received held intensity, 340, 345, 400- 
422 

Received voltage, 340, 345, 400-422 
Receiver, directive, 418 
telephone, 113-116, 164, 216, 224, 226, 
229, 241, 249, 282, 286, 299, 882- 
386 

tests, 52, 338-850, 409 
Recording of cathode-ray patterns, 83 
of shot effect, 325 

Rectification, action, 96, 124, 126, MO- 
142, 150 453, 159-160, 885-887 
effect, 837 
efficiency, 335-336 
grid, 188, 146, 149, 151, 158 
grid and plate, 158 
plate, 151, 158 

Rectified current, test for ripples, 341 
Rectifier, crystal (galena, etc.), 87, 96, 
171, 185, 195, 438 
loaded, 386 

Recurrent network, 21, 89-94, 113, 115, 
310, 841, 343, 411 
Reflected sky wave, 418 


Reflection ability, 43 

electromagnetic wave, and radiation, 2 
at ground, 292-293, 418 
at layer, 404-422 
single and multiple, 412 
Refraction index, for ground, 290 
for layer, 413 

Regeneration, in amplifiers, 347-349 
for zero (disappearance) current detec¬ 
tor, 87 

Relation, connecting the electric and 
magnetic intensities of an electro¬ 
magnetic wave numerically, 404 
Relativistic mass of electron, 29, 320-321 
Relativistic velocity, 29, 322 
Relaxation, generator, 52-56, 80, 201-204 
stabilization, 58, 201-204 
wave shape of, 53, 80, 201-204 
Relay, 110 

Replogle, D. E., on magnetic properties, 
239 

Repulsion ammeter, 126 
Resistance, absolute value, 262-263 
aerial (antenna), 2, 298, 383, 390, 390- 
400 

affected by capacitance, 4-5 
bridge, 241, 267 

capacitance coupling, 150, 150, 157 
capacitance oscillation, 52, 78, 79-82, 
200-205 

of coil, 5-20, 262-286, 317, 436 
components, 277-281, 298 I 
definition, 202 

determination, 203-298, 383-400, 436 
for direct current, 30, 202 
dynamic (high-frequency), 2, 203-298, 
888-400, 436 

effective, 2, 203-298, 383-400, 430 
equivalent, 2, 203-298, 383-400, 480 
formulas, 203-267 
ground, 290 

high-frequency, 2, 203-298, 883, 400, 
436 

large-value, 281 
leak, 285 

lines and aerials, 2, 298, 388, 390, 890- 
400 

low-temperature value, 80, 202 
measurements, 203-298, 383-400, 430 
negative, definition, 20 
measurement, 298 

network, attenuation, 89-94, 118, 115, 
341,343,411 
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Resistance of parallel-wire system, 265 
of piezo-electric vibrator, 181, 425 
plate, 41, 332-333 
potentiometer, 128 
radiation, 2, 298, 398-400 
of single wire, 264-265 
static, 2, 383—400 
units, 262-263 

variation method and its accuracy, 
269-275 

Resonance, along aerials and lines, ISO- 
192, 222, 248, 383-396 
amplification, 9, 15, 16, 17, 59 
apparent deflection, 20 
bridge, 208-209 
in circuits, 5-20, 50, 171 
click, 14, 51, 173, 183 
in coils with self-capacitance, 6, 230, 
242 

curves for coupled circuits, 13-15, 20 
and difference for damped and 
sustained currents, 14 
with distributed reactance elements, 
21, 310, 383-395 
for piezo-electric crystals, 430 
for single circuits, 16-17 
deflection, analyzed, 20, 117-126, 164- 
168, 176-178 
dip, 14, 51, 173, 182, 183 
in neon and similar gas tubes, 181, 
206, 230 

in Giebe-Scheibe piezo-electric reson¬ 
ator, 181 

indicator, 51, 96-103, 116-126, 146, 
164-168, 171-210 
magnetostriction rod, 28 
measurements, 5-20, 50, 116-126, 164- 
168, 171-210, 426-433 
methods, 116-126, 164-168, 171-210, 
218, 221-224, 228-231, 244-248, 
257-258, 261, 269-275, 283, 388, 
392-398 

parallel, 16, 21, 230 , 
piezo-electric element, 181, 425 
radiation, 36 
series, 16, 21, 230 
sharpness of, 17, 49, 172, 306-310 
space, 21, 189, 230, 390-393 
theory, 6-9, 14^21, 117-127, 164-168 
171, 175, 176-178, 181, 186-189 
Resonator, piezo-electric, 181, 425 
simple, 13-16, 20 
sonometer, 199 


Resonator, step-over, 21, 182 
Response frequency for ear, 338-340 
for eye, 350 

for magnetostriction rod, 28 
piezo-electric element, 181, 196, 424- 
425 

Retardation time, 401 
Retarded potential, 401 
Retarding electrode in cathode-ray tube 
' (Wehnelt electrode), 67 
Richardson’s formula, experimental test, 
322 

for thermionic emission, 40, 322 
Ridder, C., on coil resonance, 230 
Roberts, van, W. B., generators for small 
receiver voltages, 163 
Rod, Hertzian, 1, 404, 418, 422 
magnetostriction, 28 
Rodwin, G., on receiver tests, 52, 57 
Rontgen rays (X-rays), 36 
Rogowski, W., on cathode-ray tubes, 63, 
77, 78 

on high-frequency resistance, 266 
Roosenstein, H. O., potential distribution 
along lines, 391 

Round, H. J., on wave propagation, 404 
Runge, W., on modulation, 353, 377 
Russel, A., on inductance formulas, 237 
Ryan, H. J., on cathode-ray tube volt¬ 
meter for high voltages, 301 • 
on corona voltmeter, 135 
Lissajous-Ryan time variations, 75 
“striction field for focusing a cathode- 
ray beam, 65 

S 

Salinger, H., on modulation, 353 
on secondary-electron emission, 328 
Saturation, magnetic, 240, 311-313 
dn photoelectric current, 351 
in thermionic current, 40, 322 
Scanning (Nipkow), 382 
Scheffers, H., tube galvanometer, 103 # 
Scheibe, A., piezo-electric glow resonator, 
180,431 

Schelleng, J. C., on modulation, 353 
on wave propagation, 411, 416 
Scheller, O., on direct-indicating fre¬ 
quency (wave) meter, 180 
Schmit, D. F., on harmonic voltage 
analyzer, 164 
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Schottky, W., on. schrott, shrot or shot 
effect; 31, 32, 325 

Schrader, E., on instrument transformer, 
57 

Schrott effect, 31, 32, 325 
Schulze, A., on magnetostriction, 28 
Screening, application, 45, 89 
theory, 43-49 
between two coils, 45 
Screen-grid tube, as amplifier, 157 
characteristic, 157 
as dynatron, 174, 285 
Search, coil, 125, 312-313 
current, 125 
frequency, 125 

Secondary, circuit reaction on primary, 
12-16, 59-61, 259, 273-274 . 
Secondary electrons, 31, 328-329 
Seibt, G,, direct-indicating frequency 
(wave) meter, 180 
Selenium cell, 112 

Self-capacitance of aerials and lines, 383 
of coils, 3, 6-7, 21, 227-231, 243 
Self-heterodyne (autodyne), 50, 146, 172, 
183-184, 406-408 

Self-inductance (see Inductance, self) 
Sensitivity of cathode-ray tube, 69 
of color, 111 
of ear, 338-340 
of eye, 350 

of telephone receiver, 114, 164 
Separation, of aerial resistance com¬ 
ponents, 298, 398 
of coil loss, 276, 280 
of coil resistance components, 277 
of core loss, 280 
Series resonance, 16-21, 230 
Sharp, G. II., on tube bridge, 110 
Sharpness of resonance, 17-19, 172, 306- 
* 310 

Shield-grid tube (see Screen-grid tube) 
Shielding (see Screening) 

Short-circuit ring galvanometer, 101 
Short electrical conductor, 2 
Short-coil formula, 235-237 
Shot effect, 31, 32, 325 
Side band, 24-26, 353-382 
Side frequencies, 24-26, 353-382 
Signal, generator, 52, 346, 409 
errors in measurement, 366-367 
level for broadcast work, 341 
Silsbee, F. B,, on superconductivity, 262 
Single side-band transmission, 25 


Single-wire feed, 1, 392 
Single-wire inductance, 234 
Single-wire resistance, 264—265 
Skin effect, 43, 263-280 
Skip distance, 404-420 
Sky wave, 404-422 
Slack, C. M., on Lenard rays, 83 
Slide-back methods for measuring volt¬ 
age, 134-145 

Slope, conductance over grid anode, 334 
inductance, 318 
permeability, 239 
resistance, 329-334 
Small capacitance, 221 
Small current, 89, 96 
Small inductance, 246 
Small voltage, 132-158 
Smith, C. PL, modulation, 353 
Smith, T, A., on air transformer, 52, 57 
Smith, Y. G., on instrument transformer, 
57 

Smith-Rose, R. L, wave propagation, 
418, 419 

Smoothness of rectified current, 341 
Snell’s law applied to ionic ref faction, 
420 

Snow, C., inductance formula, 234 
resistance formula, 265 
Sonometer, 199 

Soucy, C. I., on direct-reading audio¬ 
frequency bridge, 209 
Sound effect on ear, 338-340 
Source, 50-56 

(See also* Generator) 

Southworth, G. C., determination of 
small capacitance with. X<ech&r wires, 
222 

Space, attenuation, 189, 406 
charge tubes, 157 
condenser, 219 

resonance curve, 21, 189—190, 230, 

391-392 

Spark gap, oscillations, 4, 397 
voltmeter, 134 
Special generators, 52, 409 
(See also Generator) 

Special tubes, 350 
Specific resistance, 264-265, 290 
Spectroscopy, 36, 321 
Spectrum, frequency, 1,170, 366 

for standardization with a single 
piezo-electric crystal, 197 
light, 111, 250-351 
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Spectrum, sound, 171, 343 
Speech, frequency range, 171, 343 
Speed of propagation, along aerials and 
lines, 189, 389 
in empty space, 1, 169 
in ionized layer, 39, 416 
Spielrein, R., inductance formula, 237 
Spooner, T., on coil design with iron core, 
239 

Stabilization of frequency, 63, 199-205 
Standard cable, 444 
Standard condenser, 212-227 
Standard inductance, 241, 244-246 
Standard resistance, 130, 267-277 
Standard voltage, 51, 89, 162, 340-341, 
345, 349, 408-409 

Standardization of capacitance, 211-232, 
436 

of frequency, 74-75, 169-210 * 
of mutual inductance, 255-261, 409- 
410 

of resistance, 263-298, 383-400, 436 
of self-inductance, 240-253, 383-398, 
436 

Standardization Committee of the 
322, 324, 338, 346, 404 
Standring, W. G., discussion of Fortes- 
cue-Chubb peak voltmeter, 144 
Starke, H., on secondary-electron emis¬ 
sion, 328 

Static, constants, 42, 383 
disturbance, 436 

sensitivity of cathode-ray deflections, 
69-72 

tube constants and characteristics, 42, 
157, 174, 322-324, 328-330 
Stationary waves on coils, 230 
along lines and aerials, 189, 390-393 
on magnefco-striction rod, 28 
on piezo-electric elements, 181, 426 
on sonometer, 199 
Stefan-Boltzmanri law, 325 
Step-by-step calibration of a condenser/ 
into equal parts, 226 
Step-by-step method for plotting dis¬ 
charge curves, 62 
Step-over resonator, 21, 182 
Stewart, G. W., on sound sensation, 339 
Stinchfield, J. M., on harmonic analysis, 
164 

Stowell, E. Z, } on interstage transformers, 
57 

Straight-line condensers, 212-214 


Straight-line law (equivalent) for empir¬ 
ical relations, 440 

Streclcer, K., on Moiler’s distribution 
factor for electron tubes, 152 
Striction field, for focusing cathode-ray 
spot, 65, 68 

Stroboscopic methods, 205-207, 372 
Strutt, M. J. O., on ground constants, 
290, 296 

Subharmonics, 53, 55, 186-205 
Substitution methods, 210, 214, 215, 218, 
222, 224, 246, 277 

Suits, C. G., on harmonic analysis, 116 
Summation of harmonic relations, 22 
Superconductivity, 30, 262 
Superposition of currents and voltages, 
4, .22 

Suppression of carrier, 25 
Surface integral, 44 
Surge impedance, 384-385 
method for determination of line 
constants, 390 
Sustained wave, 3 

Swann, W. F, G., on electrometers, 133 
Symmetrical attenuation, 89, 113, 115, 
341, 343, 411 

Symmetrical modulation, 24, 357 
Synchronization, 53, 68, 78-82, 172, 187, 
200, 201-205, 432 
Szillard, B., on electrometers, 133 

T 

T-aerial, 392, 399 
T-section in attenuation box, 89 
Table, ber and bei functions, 264 
decibels for power ratios, 444-446 
decibels for voltage and current ratios, 
447-448 

for degree of amplitude modulation, 
362 

for empirical curves, 440 
for frame (loop) aerial inductance, 288 
frequency-wave length, conversion, 
449-453 

frequency-wave length-oscillation con¬ 
stant conversion, 454-463 
for ground conductivity, 290 
for inductance formulas, 234, 235, 238 
for ionization potential, 33 
for piezo-electric frequency standard¬ 
ization, 197 

for relativistic velocity of electrons, 322 
for spark-gap voltmeter, 135 ' 
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Table, thermoelectric force, 98 
tube constants (numerical), 352 
for unsymmotrical attenuation box, 92 
Takagishi, E., on double humps in 
parallel-wire systems, 192 
Tank, F,, on eecondary-electron emis¬ 
sion, 328 

Tap, on anode load, for best power 
transfer, 60, 432, 433 
Taylor theorem, applied, 139, 159, 363 
Telephone, current, 113 
receiver, 114, 164 
receiver sensitivity, 114, 164 
Television frequency, 382 
Tellurium, 112 

Temperature, cathode, 41, 322-323 
control box, 201 

effect on direct-current resistance, 30, 
262 

on frequency of crystal, 423-424 
Termination for attenuator, 89 
Tertiary circuit, 272 
Thalofoid cell, Ill 
Thermal meters, 86, 101 
Thermionic amplifier, 102-116, 142-161, 
330-349 

Thermionic emission against positive 
potentials, 40, 322-823 
against small negative and aero poten¬ 
tials, 41, 150, 152 
Thermionic phase meter, 309 
Thermionic Kiehardsords law, 40, 322 
Thermionic tubes, 40, 322, 862 
Thermionic voltmeter, 137 
Thermionic wattmeter, 302 
Therm oe rose bridge, 98 100 
Thermoelectric ammeter, 97-400 
Thermoelectric couple, 97 100, 163 
Thermoelectric current meter, 97 100 
Thermoelectric effect, 99 
Thermoelectric force, 98 
Thermoelectric galvanometer, 97 
Thermoelectric phase mater, 309 
Thermoelectric voltmeter, 130 
Thermoelectric wattmeter, 802 
Thermometer, 101, 276 
Thirty-degree piesso-electric cut, 423 
Thomas, H. A,, on linear time axis, 78 
Thompson, B. J. f on detection of very 
small currents, 104, 107 
on electron emission, 325 
Thomson, J. J«, on cathode rays, 08 
Thomson, W, ($m Kelvin) 


Three-thermocross system in measuring 
circuits, 183 

Threshold audibility, 339 
Tilt of electric vector, 292, 405, 418-419 
Tilting coil, 418, 422 
Time constant, 233 
Time lag in thermionic tubes, 32 
Tissot bolometer bridge, 97 
Toroid, 57, 235 
Total electron emission, 324 
Transformer, air, 12-16, 56-01 
auto-, 60 
balanced, 87-89 
coupling, 11-16 
current, 12-16, 56, 100 
differential, 87-89 
iron-core, 57, 342 
loaded, 12 
matched, 12 
in tube circuit, 59, 342 
tuned, 58 

tuned and tapped, 58 
Transmission, of electromagnetic waves 
(see Propagation) 

Transmission unit, 90-91, 300, 444-448 
Traubenberg, von, Rausch, on ground 
constants, 296 
on wave propagation, 404 
Trautwain, F,, tube wattmeter, 302, 303 
Tube, capacitance, 42, 216, 231, 337, 352 
characteristic, 40, 157, 174, 822-324, 
328-330, 442 
constants, 42, 330 
electrometer, 105 
equation, 40, 322-324, 442 
equivalent network, 59, 370 
galvanometer, 108, 100, 107 
generator, 50-50, 175, 190-205, 370, 
409, 425-434 
glow, 53, 79 
lumped constant, 41 
measurements, 319-352 
peak voltmeter, 134-145 
phase meter, 309 
power-factor meter, 309 
resistance, 40, 330-334 
sireen-grid, 157 
space-charge, 157 
special, 850 

used in some of the circuits, 352 
voltmeter, 137-103 
wattmeter, 302 

Tuned aerial and line, 388, 891-398 
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Tuned circuit, 5-21, 59-61, 116-126,171— 
178 

Tuned plate load, 59-61, 432-433 
Tuned transformer, 13-16, 59 
Tuning, sharpness of, 9, 15—21, 306-310 
Turner, A., on shielding, 43 
Turner, H. M., constant-impedance 
method for measuring large induc¬ 
tance, 251-252 
inductance formula, 235 
on tube wattmeter, 302, 303 
Tuve, M. A,, on high-voltage tubes, 322 
on reflections and height of ionized 
layer, 411, 412 

. . U 

Ultra-violet rays, 36 
Unequal and equal current distributions 
for aerial feeds, 392 
Uniform-line distributions, 383, 392 
Units, capacitance, 211 
energy, 300 
inductance, 233 
power, 300 
resistance, 262 

transmission, 90, 300, 444-448 
University of Illinois, 235 
Unsymmetrical attenuation box, 91, 345 
Unsymmetrical modulation, 357 
Unsymmetrical resonance curve, due to 
undesirable frequency modulation, 
52, 366-367 
general, 16 

V 

Vacuum, in cold-cathode-ray tubes, 63 
degree of, measurement, 326 
in thermionic tubes, 34, 319 
Vallauri, G., field-intensity measurement, 
404 

Variable condenser, 212 
Variable-frequency meter, 171 
Variable inductance, 241, 244-246 
Variable mutual inductance, 58 
Variable resistance, 130, 267-277 
Variometer (see Variable inductance) 
Velocity of propagation, in free space, 1, 
169 

group, 39, 414-417 

initial velocity of emitted electrons, 41 


Velocity of propagation, in ionized layer, 
39, 414^417 

along lines and aerials, 189, 389 
phase, 39, 414-417 
relativistic, 29, 322 
Vibration galvanometer, 379 
Visual observations of cathode-ray 
patterns, 83 

Voice, frequency range, 171, 343 
Voigt, W., on piezo-electric properties, 
425 

Voltage, amplification, 27, 142-143, 146- 
161, 330-333, 342-349 
amplification factor, 42, 330-334 
deflection in cathode-ray tube, 69 
distribution along aerials and lines, 
390-393 
divider, 128 
effective value, 4, 145 
lumped, 41; 59, 139, 363 
.measurement,, 128-168 
peak value, 4, 142 
resonance, 16-21, 230 
Voltmeter, affected by capacitance, 5 
calibration, 145, 161, 163 
cathode-ray, 137 
corona, 135 
design, 158 

different kind, 128-168 
electrostatic, 132-134 
glow-tube, 136 
hot-wire, 130 
peak, 142. 
spark-gap, 134 
thermionic, 137-163 
thermoelectric, 130 
tube, 137-163 

W 

Wade, E. I., on fast transients, 81 
Wagner, K. W., Wagner ground, 217, 241 
Watanabe, Y., piezo-electric investiga¬ 
tions, 427, 432 

Watson, Watt, on linear time axis, 78 
on statics, 436 
Wattmeter, 301-304 

Wave length-frequency relation, 1, 169, 
449-463 

Wave meter (see Frequency meter) 
Weber’s law of sound stimulus, 339 
Webster, W. L., on magnetostriction, 28 
Wegel, R. L., on harmonic analysis, 116 
on sound sensation, 338 
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Western Electric Co., cathode-ray tube, 
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Weston Instrument Co., multirange 
meter, 285 

thermoelectric voltmeter, 131 

Wheatstone bridge, 241, 285 
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Whitehead, J. B., corona voltmeter, 135 

Whittaker and Watson, modern analysis, 
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Wiechert, E., on electronic charge to 
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eter, 129 

on shot effect, 325 
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tance, 225 

Wilson, L. T,, on magnetic properties, 317 
on thermoelectric voltmeter, 131 
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tion, 293 
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Work, function, 322 
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